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Abstract
The simulation of gait, impairments and the outcomes of rehabilitation strategies is an important
area of research. The ability to study the efficacy of treatment options before applying them to patients
has the potential to improve the efficiency of the rehabilitation process. Any such simulations must
incorporate some model of the motor learning process to properly anticipate the responses of patients.
This dissertation presents initial work on the modeling of gait and the study of motor adaptation with a
view towards simulating the motor adaptation process during gait.
Specifically, an inverse dynamic model of gait incorporating sagittal plane limb and torso
dynamics and three degree of freedom pelvis rotation is developed and applied to determine joint
moments for motor adaptation experiments. The specific experimental conditions involve studying gait
changes resulting from changes in treadmill walking speed, from walking on two treads moving at
different speeds and various forms of ankle contractures simulated using an ankle-foot-orthosis.
The experimental results show after-effects that suggest the formation of an internal model of the
altered gait dynamics to compensate for gait errors. Kinematic performance metrics show the expected
adaptations to the simulated gait impairments. In particular evidence is found to demonstrate vaulting
and steppage gait adaptations in response to ankle impairments. The inverse dynamics analysis shows
clear stance phase adaptations to ankle contractures while showing a limited response during swing
phase. The primary adaptations evidenced by the inverse dynamics analysis are changes in pelvis joint
moments leading to vaulting gait compensation when an ankle locked in an a plantarflexed position.
The results of the adaptation experiments are compared to an inverse dynamics analysis of a
patient exhibiting drop foot resulting from a mid-brain stroke. The patient also exhibits pelvis moments
resulting a vaulting gait pattern as was seen in the plantarflexion experiment.
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Chapter 1: Introduction
1.1

Motivation
The motivation for studying motor adaptation in conjunction with gait modeling is three-fold.

First, by gaining an improved understanding of how the human brain learns to control locomotion, the
potential for applying such understanding to the rehabilitation of motor impairments and the treatment of
developmental motor diseases may be improved. Second, understanding the human motor learning
system may lead to advancements in non-medical research fields such as robotics and artificial
intelligence. Finally, further understanding of the interaction of motor learning and gait can be used to
eventually produce computer simulations of gait adaptation and to apply these simulations to study
rehabilitation. Ideally, such models would be useful for testing the efficacy of potential treatment or
rehabilitation options before applying them to patients. The potential for running such what-if type
scenarios in a simulated environment should lead to improved rehabilitation outcomes for the patients.

1.2

Goals and Specific Aims
The fundamental goal of this research is to study aspects of motor adaptation during gait to

provide insight that will be used to develop future models of the adaptation process for simulating
human locomotion and rehabilitation. To this end, the specific aims of the research are:

•

To characterize the adaptations of healthy subjects when walking at different speeds

•

To simulate various ankle contracture impairments on healthy subjects and examine their
adaptive responses to such imposed simulated impairments

•

To impose asymmetric gait on subjects via a dual-belt treadmill to examine adaptation to
gait asymmetry

•

Develop a computationally efficient inverse dynamic model of gait that allows for the
study of pelvic rotations
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•

Use an inverse dynamics approach to study the changes in joint moments resulting from
the motor adaptation processing

•

Compare the joint torque profiles of healthy subjects with simulated contractures with
those of patients with long term ankle impairments

1.3

Scope
The scope of this dissertation includes the design and implementation of an inverse dynamic

model of gait and the application of that model to studying motor adaptation during gait. The focus is
on characterizing the kinematic and dynamic correlates of the motor adaptation process for the specific
experimental conditions studied. The work is intended to provide a starting point for developing future
simulations of the motor adaptation process.

1.4

Contributions
The contributions of this research are in the area of motor adaptation correlates in joint torque

profiles. While the study of motor adaptation in general and during gait specifically have been covered
in the literature, the application of inverse dynamics to this area is a novel approach. Most research into
gait adaptation focuses on kinematic performance metrics and not on the commands controlling the
motion. A thorough understanding of how the control signals (joint torques) change as a result of
adaptation to novel gait tasks is fundamental to the eventual creation of a gait adaptation simulation for
use in rehabilitation scenarios.
Additionally, much research into gait adaptation focuses on adaptation to transient force fields
imposed on the subject. This research seeks to make contributions towards the understanding of
adaptation as applied to more long term persistent changes to gait task dynamics, such as contractures
limiting the range of motion of the ankle.
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1.6

Organization of Dissertation
This dissertation manuscript is divided into seven sections.

This chapter outlined the

motivations, goals and contributions of the research. Chapter 2 of this presents background on past
research in the fields of motor adaptation and gait modeling techniques.

Chapter 3 outlines the

procedures used during the experimental stages of this research. Chapter 4 presents the design and
implementation of an inverse dynamic model of gait to be used to analyze the motor adaptation
experiment data. Chapter 5 presents the results of the experimental aspects of this research and Chapter
6 includes a discussion of these results.

Chapter 7 then provides concluding remarks and

recommendations for future research.
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Chapter 2: Background and Significance
2.1 Modeling of Gait Dynamics
The modeling of a nonlinear multisegment system such as the human body is a complex task.
Many approaches have been made to simulate healthy human locomotion. Models have ranged from
simpler sagittal plane models [OnWi80] [Taga95a] [HLAA04] [ReJH07] to more complex spatial
models [HaYa02] [GiWi97]. Many researchers have simplified the modeling process by lumping the
head, arms and trunk (HAT) into a single segment [OnWi80] [Taga95a] [GiWi97] [HLAA04] [ReJH07]
and fewer more complex models have simulated the entire body [HaYa02]. The simplification of
models by using HAT segments and sagittal plane dynamics are particularly useful for initial
investigations of specific aspects of the gait modeling process.

Once the concepts have been

demonstrated in the simplified sagittal plane environment, the work is extended to a spatial threedimensional model. When considering whether to use a sagittal plane model or a three-dimensional
model, it is important to weigh the trade-off between the motion limitations of the simpler model and the
higher complexity of the three-dimensional model. In [EnWi95], it was noted that a significant amount
of work was performed in the non-sagittal planes during healthy gait, particularly with the hip.
Therefore, if a simpler model is to be used, particularly for simulating pathology, care must be taken to
limit analysis to tasks that do not exhibit strong pathologies in the frontal or coronal planes.
One of the earlier dynamic models used for simulating healthy and pathological gait was
[OnWi80]. In this work a sagittal plane model was constructed with a HAT segment and the model was
driven using torque profiles derived from real-world experimental data.

Healthy gait was finally

simulated by trial-and-error tuning of the torque profiles and without any a priori constraints on the
motion of any of the model segments. One limitation of this model was that the foot of the stance leg
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was fixed to the ground, which necessitated the development of two separate models for the different
stages of the gait simulation. Another limitation is the fact that the tops of the thigh segments connect
directly to the HAT segment, thus ignoring the behavior of the pelvis. Of interest is the method
employed to simplify the derivation of dynamic equations during the double-support phase by using a
spring-damper system as a soft constraint [HeJM75] between the thigh segment of one leg and the
connection between the other thigh segment and the pelvis.
In [Taga95a], the limitation of ignoring the pelvis in sagittal plane models was addressed. A
pelvis segment was included with the tops of the thigh segments connecting to the lower pelvis and the
trunk segment connecting to the top of the pelvis.
In [GiWi97], the authors created a three-dimensional model of the lower limbs along with a
pelvis and HAT segment. The goal of this work was similar to that of [OnWi80], which was to create a
dynamic model driven by joint torques derived from experimental data. A useful feature of this model
was the addition of torsional spring-damper systems to each joint to enforce the natural range of motion
of each joint.
The precise method employed by the CNS in generating the complex coordinated movements
required for locomotion is not currently known. Current dynamic simulations employ various different
approaches to generating the joint torques required to generate human-like gait patterns.

Many

researchers employ the use of neural oscillators and central pattern generators to represent the spinal
circuits that are theorized to control coordinated rhythmic movements of the lower-limbs [Mack02]
[Taga95a]. In this approach, higher-level controllers modulate the performance of these lower-level
control circuits.
Other researchers [OnWi80] [GiWi97] employ a strategy of generating net joint torques at each
joint and using these torque profiles as inputs to their dynamic models. The advantage of this approach
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is that the control torques can be derived directly from experimental data with minor modifications. The
limitation of this approach is that the performance of individual muscles cannot be controlled directly.
A further step in this direction is to use multiple torque sources at each joint to represent agonistantagonist muscles and also to possibly include the effects of biarticular muscles as was done in the
balance simulations in [Jaco97].
Another approach to modeling torque sources in dynamic gait simulations is to model the
physiological force generation of muscles [Taga95a] [HaYa02] [Zank02] [BLMB04].

While this

approach is desirable in that it would more accurately simulate the generation of joint torques, the
addition of muscle models leads to an increase in system complexity. For example, to model a specific
muscle, the muscle length, velocity of contraction and joint configuration all add additional calculations
to the joint calculations. In fact, the moment arm of a muscle about a specific joint changes throughout
the entire range of motion of the joint [Zank02].
When designing the control architecture for a dynamic gait model, the trade-off between
complexity and accuracy must be considered.

When initially developing a particular model and

investigating certain aspects of the control of gait, it is beneficial to begin development with simpler
control architectures and add complexity in future developments.

2.2

Motor Adaptation
The human motor system is very robust and adaptable to changes in motor task dynamics or to

the properties of the body itself. This is particularly evident when one considers that as the human body
grows the control strategies of the central nervous system (CNS) must adapt to changes in limb length
and mass. Improvements in the understanding and modeling of this motor adaptation process would
provide potential clinical benefits for rehabilitation
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Changes in task dynamics can be generated from many possible sources including everyday use
of novel tools and sports equipment. Adaptations are also required when humans learn to perform novel
tasks. The improvements in skill over many iterations of a specific task are the result of the motor
system learning the task. In addition to everyday task adaptations, the changes that occur following
stroke or other neurological impairments can be viewed as novel changes in task dynamics that must be
learned by the motor control system. These changes could include damaged/weakened muscle control,
impaired proprioception, loss of vestibular control, diminished force generation capabilities of muscles
or spastic muscle activities impairing movement. In order to accurately model the reaction of the CNS
to such impairments, a greater understanding of motor adaptation in healthy subjects is required.

2.1.1

Internal Models of Adaptation
Past research in the area of motor adaptation has revealed evidence that the CNS creates an

internal model of the dynamics of the motor task being learned. The bulk of this research has focused
on studying learning during upper limb reaching [ShMu94] [KaWo98] [BhSh99] [Muss99] [CoGM97]
[DoFS03] [DoSh02] [ShMo00] [ScDM01] [ThSh00] [BhSh99].

These studies have robotic

manipulators with which subjects interact. Specifically, subjects grasp the handle of the robot and
perform reaching movements. The robot then generates a novel force field to perturb the subject
movements. The nature of the force field varies between experiments depending on the aspect of the
motor adaptation being studied.
In [ShMu94], after subjects adapted to a velocity-dependent force field, the force field was
removed and the presence of after-effects of the adaptation process demonstrated that the CNS was
forming a model of the predicted task dynamics and generating compensatory joint torques. The aftereffects were the result of the incorrect generation of joint torques to compensate for the now-missing
external force field.
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Other studies have focused on determining the properties of the internal model developed by the
CNS. In [ShMo00], the generalization of learning from one arm orientation to another was studied.
Adaptation to unknown random force fields was studied in [ScDM01] to understand the increments
made to the internal model between reaching movements. In [ThSh00] and [Muss99], the motor
primitives and modular features of the adaptation process were studied.

In [CDGS02], the

generalization of learning from one arm to the other was studied and it was shown that learning can
transfer from the dominant arm to the non-dominant arm, but the inverse is not the case.
Whatever the nature of the adaptation process, the current evidence supports the view that the
CNS generates an internal model of task dynamics that is updated to correct for movement errors and
adapt to changes in a given task. The result of the formation of the internal model is the generation of
compensatory torques to counteract predicted task dynamics.

2.1.2

Adaptation During Gait
Recent research has focused on the extension of the study of motor adaptation from upper limb

reaching to the more complex task of human locomotion. Several studies have found that the CNS uses
similar processes to control the leg during gait and the arm during reaching [EmRe03] [EmRe05]
[EBSB07]. In this work a robotic device was designed to exert novel force fields on the ankle of
subjects during treadmill walking. This experimental setup mirrored that used previously for the upper
limb during reaching. The experimental results suggest that the CNS generates an internal model to
compensate for changes in gait dynamics in a similar manner as that for upper limb reaching. In
addition to the above studies on adult subjects, these conclusions are supported by research on motor
adaptation of infants during stepping [LaWY03] [PaLY03].
Several recent studies have examined the adaptive locomotor changes resulting from sustained
modifications of walking conditions. In [LaAD06], the Lokomat system [CLBS99] was used to apply
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novel resistance to hip and knee movements during walking. Similar adaptation and after-effect results
were exhibited and the formation of an internal model was evident in sustained modifications of the preswing activity in the biceps femoris and medial hamstring muscles. Additionally, this work showed
evidence of feedback strategies for gait correction in direct response to gait perturbations. These
feedback modifications were not present in the after-effect trials and therefore were not part of the
internal model formed by the CNS.
In [ChBa07], adaptation to walking on a dual-belt treadmill was studied. The subjects were
asked to walk on the treadmill with the treads moving at different speeds and in different directions.
Analysis of the after-effects showed that the adaptation for the right and left leg are stored independently
and do not transfer for different directions. The independent training of the left and right legs may be of
particular interest in designing therapeutic interventions to treat gait asymmetries.
Adaptation to changes in the mechanical properties of the lower limb was studied in [NoPr06].
Specifically, subjects walked on a treadmill with no modifications and then had a 2 kg weight attached
to the shank of one leg and then had the weight removed to study after-effects. The results showed that
the CNS was able to adapt to modifications in the mechanical properties of the lower limb. The aftereffects demonstrated the result of the modification of the CNS internal model of the limb.
The general adaptability of the CNS during gait was discussed in [WiMD91]. Specifically, it
was reported that adaptations during gait occur to improve performance with respect to generalized
performance metrics. Some specific performance metrics of interest are the maintenance of a vertical
trunk, the gentleness of heel contact and the maintenance of trunk support during gait. Also, minimum
toe clearance and peak knee flexion during swing are performance metrics of particular interest.
While recent studies performed to understand adaptation during gait have focused on the
kinematic results of the adaptation (changes in joint angle trajectories, stride length/time changes) fewer
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studies have focused on understanding the changes in joint torques that occur as the result of adaptation.
If the modeling of human gait is to be combined with the modeling of adaptation, an understanding of
how the control signals (joint torques, muscle activities) change during the adaptation process will be
vital.
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Chapter 3: Experiment Design
3.1

Experimental Setup
All of the experiments for this research were performed in the Laboratory for Human Motion

Analysis and Neurorehabilitation at the University of Texas at El Paso. This lab is equipped with state
of the art systems for the analysis of human gait. Specifically, the lab contains a motion capture system
for recording human movement, an instrumented treadmill for measuring ground reaction forces and
EMG system for recording muscle activation levels.

All three systems have been integrated and

synchronized to begin recording at the same time.

3.1.1

Motion Capture System
The lab uses a 3D visual motion capture system supplied by Simi Motion Reality Systems

(Munich, Germany).

This system consists of eight gray-scale high speed CCD cameras and the

associated software for recording and analyzing the acquired data. The system has been calibrated such
that when a reflective marker above the treadmill is visible in at least two of the eight cameras the
spatial location of that marker can be calculated. The calibration is also defined so that the world
reference coordinate frame has a vertical Z-axis directed upwards and with the Y-axis parallel to the
walking direction of the treadmill. The X-axis is oriented orthogonally from the other two axes using a
right handed system. Note that this coordinate frame is oriented differently than the inverse dynamic
model reference frame in Matlab. In particular, the Simi Z-axis corresponds to the inverse dynamic
model Y-axis and the Y-axis in Simi represents the model X-axis.
For each camera, the two dimensional positions of the labeled markers is interpolated using a
cubic spline approach to fill any gaps in the raw data resulting from occluded markers. The maximum

11

interpolated gap was set to 10 samples (0.143 seconds at 70 samples/sec). The interpolated data was
then filtered using a second-order Butterworth filter with a cut-off frequency of 6Hz [Wint05].
The specific placement of the reflective markers on the subjects was based on the standard
marker configuration defined used by the Simi software [Simi07]. Fig. 3.1 shows the marker placement
diagram from the Simi Inverse Dynamics manual. The figure caption describes the specific markers
used in this work. Four markers on each leg (labeled as 2, 5, 8 and 11 in Fig. 3.1) are placed on the
subject for the static trial and removed for the dynamics motion trial. The static trial is used to define
the locations of joint centers and the segment lengths using the full marker set.

3.1.2

Instrumented Treadmill
In order to study gait for a large number of consecutive strides, the lab is equipped with a dual-

belt instrumented treadmill supplied by Bertec Corporation (Columbus, OH). This treadmill contains
force plates for measuring the ground reaction forces separately for each foot. In particular, the force
plate in each treadmill (left and right) measures the X, Y and Z components of the force and the moment
with respect to the treadmill reference frame. This reference frame is defined such that the Z-axis is
directed vertically downward and the Y-axis is directed towards the front of the treadmill in the walking
direction. The X-axis is orthogonal to the YZ-plane and defined using a right-handed system. Note that,
with respect to the world frame defined in Simi, the treadmill frame is rotated by π radians about the Yaxis.
The six signals from each treadmill (3 forces, 3 moments) are used to determine the center of
pressure (COP) at which the ground reaction forces are applied. The COP is calculated as shown in
(3.1) below, where XP and YP are the coordinates on the surface of the treadmill at which the force is
applied, h is the height of the treadmill surface from the treadmill coordinate frame (h = 0.015 m) and
FX, FY, FZ, MX and MY represent force and moment components measured from the treadmill [Bert07].
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Figure 3.1: Simi marker placement [Simi]. Markers used: 1 – forefoot (over 2nd metatarsal), 2 – foot tip
(tip of second toe), 3 – heel (posterior surface of calcaneus), 4 – outside ankle (maleolus lateralis), 5 –
inside ankle (maleolus medialis), 6 – shank (midpoint of anterior shin), 7 – outside knee (condylis
lateralis), 8 – inside knee (condylus medialis), 9 – spina iliaca anterior superior, 10 – L4 vertebra, 11 –
greater trochanter, 12 – C7 vertebra, 13 – sternum (top of breast bone), 14 – xyphoid process (bottom of
breast bone), 15 – Th8 vertebra. Markers 1 to 9 are for both the left and right sides. The dark markers (2,
5, 8 and 11) are present only for the static trial.
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The system is calibrated such that the surface of the treadmill is level with the XY-plane, thus the COP
in the Z direction is 0.

COP T =

−h⋅F Y −M X
FZ

(3.1)

Equation 3.1 gives the location of the COP in the treadmill reference frame. Since the current
work is modeling the leg and foot in the sagittal plane (see Chapter 4), the COP along the Y-axis of the
world frame is required. Since the Y-axes of the treadmill and world reference frames are parallel, the
world frame Y-axis COP is found using the offset of the treadmill in the world frame. This is calculated
in (3.2), where COPT is the Y-axis COP from (3.1), YM is the Y-axis location of a marker placed on a
known location on the treadmill and YO is the Y offset of the marker from the treadmill origin.

COP W =COP T Y M Y O

(3.2)

The signals from the treadmill are filtered using a second-order Butterworth filter with a cut-off
frequency of 20 Hz. This frequency was selected to eliminate the noise in the measured ground reaction
force data. Since the treadmill being used is located on the third floor of the building, the sensitive
instrumentation in the treadmill picks up vibrations in the building itself. The frequency of 20 Hz
effectively smoothed the force data without completely removing the high frequency components of the
ground reaction forces during initial contact.
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3.1.3

EMG Acquisition
In order to gain insight into the subject’s control of their motion, electromyographic data (EMG)

is recorded during the experiments. Subject muscle activation levels are recorded using a 16 channel
Myomonitor III EMG system from Delsys Inc. (Boston, MA) and on loan from the Stanley E. Fulton
Laboratory in the Kinesiology Department at UTEP.
The recording of EMG provides activation patterns that can be compared with the joint torque
profiles generated by the inverse dynamics analysis. Specifically, any changes in muscle activation
resulting from adaptation will be compared with the joint torque changes to see if there are any evident
correlations. EMG signals were recorded for each of the following eight muscles on both the left and
right legs.
•

Soleus (ankle plantarflexor)

•

Tibialis Anterior (ankle dorsiflexor)

•

Lateral Gastrocnemius (ankle plantarflexor, knee flexor)

•

Vastus Lateralis (knee extensor and stabilizer)

•

Rectus Femoris (knee extensor, hip flexor)

•

Biceps Femoris (knee flexor, hip extensor)

•

Gluteus Medius (hip abductor)

•

Erector Spinae (spine extension, torso stabilization)

The raw EMG signals are processed to obtain muscle activation envelopes. Specifically, this
processing involves the following:
•

Bandpass filter (20-250 Hz passband) to remove high frequency noise and low frequency
motion artifacts. Motion artifacts have most of their energy located in the 0-20 Hz range
and the useful energy of the EMG signal is mostly contained below 250Hz.
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•

The above filtering also removes any DC component from the EMG signal. EMG is by
definition a zero-mean signal and any DC component in the recorded signal is an
unwanted artifact.

•

Full-wave rectification of the signal by taking the absolute value.

•

Low pass filtering the rectified signal with a cut-off of 10Hz to generate an EMG
envelope with a magnitude proportional to the muscle activation level.

The processed EMG signals are then used to determine the timing and relative activation levels
of each muscle during the gait cycle. Note that the amplitudes of different muscles cannot be compared
since the magnitude is dependent on several factors including electrode placement and skin resistance.
However, the EMG levels measured during the adaptation experiments were collected with same
electrode placement and therefore the comparison of signal amplitude for the adaptation experiment
stages discussed below is possible.

3.2

Experiment #1 – Changes in Walking Speed
The goal of this experiment was to characterize the changes in joint torque profiles resulting

from changes in treadmill walking speed. Specifically, the subjects were asked to walk at three different
speeds (self-selected natural speed and +/-20%). When subjects are forced to walk at faster or slower
speeds on a treadmill, their stride timing and stride length are affected. As a result, they must adapt to
the change in speed which will result in changes to their joint torque trajectories.

3.2.1

Experiment Subjects
Three male subjects were studied for this experiment.

The previously recorded data was

obtained from the gait knowledge base in the Laboratory for Human Motion Analysis and
Neurorehabilitation.

All three subjects were healthy with no known neuromotor deficits.
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The

experimental protocol was reviewed and approved by the Institutional Review Board (IRB) at the
University of Texas at El Paso and all subjects signed an informed consent form prior to participation.
Table 3.1 shows the statistical data for the subjects.

Table 3.1: Experiment #1 subject statistics.

Subject Age (years) Height (m) Weight (kg)
1

24

1.71

59.0

2

21

1.71

69.6

3

34

1.80

74.0

Average 26.3 ± 6.8 1.74 ± 0.05

3.2.2

67.5 ± 7.7

Experiment Procedure
After initial preparation (attachment of EMG electrodes and reflective markers) subjects were

asked to walk on the treadmill to find their self-selected natural walking speed. The speed of the
treadmill was increased until the subjects felt that it was moving faster than their natural walking speed.
The speed was then decreased gradually until the subjects reported that it was going slower than their
normal walking speed. The average of these maximum and minimum values was selected as their
natural walking speed. The subjects were then given the opportunity to become comfortable walking on
the treadmill for several minutes.
After the speed determination, the reflective markers and EMG were attached to the patients.
One the EMG signal quality was verified, the subjects were asked to perform the static trial. In this trial,
subjects stood on the treadmill with feet shoulder width apart and arms out to the side at shoulder level.
A short recording of the subjects was made while in this position. The marker locations from this trial
are used to calculate the limb lengths and joint centers required for the dynamic analysis. The static trial
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was followed by three walking trials of three minutes each. The first trial was at the subject's natural
walking speed, the second at 20% below their natural speed and the third at 20% above their natural
speed. A rest period was given between the trials to prevent subject fatigue. Before recording each trial,
the subjects were given 1-2 minutes to walk on the treadmill to become accustomed to the new speed
setting. For safety reasons, whenever the treadmill was being started or stopped, the subjects were
instructed to keep their hands on the safety bars to prevent falls.

3.2.3

Expected Results
When the speed of the treadmill is changed the subjects will exhibit changes in their gait patterns

as the result of adaptation to the speed change. For an increase in speed, specific kinematic changes that
are expected include a decreased stride time and an increased stride length. Additionally, the changes in
stride length should result in increases in the peak flexion and extension of the hip. Also, an increase in
ankle plantarflexion may possibly be seen during push-off along with an increase in peak knee flexion.
For a decrease in treadmill speed, similar changes in the opposite direction should be expected.
An inverse kinematic analysis of gait at a faster treadmill speed should correlate with higher
ankle plantarflexion moments at push-off and higher ankle dorsiflexion moments at heel strike.
Additionally, the hip flexion moment should increase during swing phase to propel the leg forward at a
faster speed. Also, the GRF peak levels should also exhibit increases resulting from a faster treadmill
speed. Again, the changes for a slower gait speed are expected to be similar but in the opposite
direction.
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3.3

Experiment #2 – Adaptation to Changes in Gait Dynamics
The goal of the second group of experiments was to impose gait task modifications on healthy

subjects and to analyze any changes in performance and joint torques resulting from the adaptation
process. In total, five different task modifications were applied as outlined in section 3.3.2.

3.3.1

Experiment Subjects
Four healthy subjects with no known neuromotor impairments participated in these experiments.

The adaptation experiment protocol was approved by the IRB at UTEP and all subjects signed an
informed consent before the experiment began.

In order to permit an analysis across adaptation

experiments, the same four subjects were asked to perform all five of the gait task modifications. The
subject statistics are presented in Table 3.2. Note that the body fat percentage statistic is included for the
subjects in this set of experiments and not for the other experimental work. This is because the body fat
estimating scale in the Laboratory for Human Motion Analysis and Neurorehabilitation was acquired
after the other experimental data (Experiments #1) was collected.
The general criteria used to guide the subject selection were influenced by the size and design of
the AFO as well as to keep subjects in a range similar to the intended patient population and the subjects
from Experiment #1. The specific inclusion criteria were:
•

25-35 years old

•

Self-reported average to above average balance

•

Average foot size (9-10)

•

Average calf-circumference (35-40 cm)
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Table 3.2: Experiment #2 subject statistics.

Subject Age (years) Height (m) Weight (kg) Body Fat (%)
1

30

1.75

87.3

26.8

2

30

1.81

73.3

12.9

3

28

1.70

85.7

22.4

4

36

1.71

71.6

22.7

79.5 ± 8.2

21.2 ± 5.9

Average 31.0 ± 3.5 1.72 ± 0.02

3.3.2

Experiment Procedure
There were a total of five gait task modifications used in this experiment. Four of the gait

modifications simulated ankle contracture impairments by limiting the range of motion of the ankle
using an ankle-foot-orthosis (AFO). The fifth task modification was to have the subjects walk on the
treadmill with the two belts moving at different speeds to simulate a limping gait.
The specific ranges of motion selected for the four AFO trials were:
•

Lock ankle in 15° plantarflexed position

•

Lock ankle in 15° dorsiflexed position

•

Allow up to 30° plantarflexion and 0° dorsiflexion

•

Allow up to 30° dorsiflexion and 0° plantarflexion

The first and third options above are intended to simulate aspects of contractures that cause drop
foot by emulating limited dorsiflexion capability. The second and forth options simulate the inverse
case of limited plantar flexion capability. This particular condition is not as common as drop foot and
may be the result of spasticity and hypertonic conditions in the ankle dorsiflexors. The exact values
used for the above cases were strongly influenced by the design of the AFO as will be described later.

20

As with Experiment #1, the natural walking speed was determined, the EMG and reflective
markers were attached and the subject's static trials were recorded. Since the AFO altered the properties
of the right leg, each subject performed two static trials (one with the AFO, one without). The subjects
performed two one-minute “null” trials (one with AFO, one without AFO) to establish baseline
performances before the adaptation trials. For the null trials and all of the AFO adaptation trials, the
treadmill speed was set to 15% higher than the subjects natural walking speed. The reason for this is
that a faster walking speed will make the task more difficult and cause greater influences from the
uncertainty introduced by the task modifications.
For each of the AFO trials, the subjects walked on the treadmill for 2-3 minutes with no data
collection at 15% faster than their natural walking speed to return to their baseline performance.
Following this, the AFO range of motion was set to the required value and the subjects walked for one
minute (adaptation trial). After one minute, the subjects were asked to stop walking while the AFO
modification was removed. Subjects then walked for another one minute trial without the limited range
of motion (after-effect trial). The time between the adaptation and after-effect trials was approximately
30-60 seconds.
The procedure for the final task modification where the treadmills move at two different speeds
follows a similar sequence as the AFO trials. The subjects performed a single one-minute null trial
walking at 1.0 m/s. This was followed by one-minute adaptation and after-effect trials. The speeds used
for the treads were selected to simulate a limping gait with shortened right leg stance phase (right tread
moving faster). The specific speeds used were 0.65 m/s for the left tread and 1.35 m/s for the right
tread.
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Ankle-Foot-Orthosis Design
The AFO used in these experiments was designed with the consultation of Dr. Eric Spier of
Highlands Rehabilitation Hospital and Miguel Guerra of Total Orthotic & Prosthetic Solutions, both in
El Paso, TX. The design incorporates a joint that can be locked using a series of replaceable keys. The
keys are able to lock the joint in a selection of dorsiflexed and plantarflexed positions. Also, the joint
can be set such that ankle rotation is allowed in one direction and not the other. The joint was
manufactured by Mr. Guerra at Total Orthotic and Prosthetic Solutions.
The AFO device is shown in Figure 3.2. The upper portion attaches around the calf of the
subject and is fastened with Velcro straps. The lower portion attaches to the foot and is also fastened
with Velcro straps. Both of these components were manufactures using a molded plastic.
A close-up of the lockable ankle is shown in Figure 3.3. Each side of the AFO contains a hinge
joint that can be locked using replaceable keys. The keys are placed in a recess and fastened with a
machine screw. The key limited number of keys that are available with the joint dictated the exact
ranges of motion that were selected for the experiments as discussed earlier.

3.3.3

Expected Results
Each of the AFO experiments is intended to simulate a different type of contracture of the ankle

and as such, typical gait changes associated with ankle contracture impairments are expected. All of the
AFO tests are meant to simulate rigid ankle contractures that resist stretching. However, it must be
noted that the attachment of the AFO to the subjects is not completely rigid (elastic straps, foot may
slide inside AFO) and that this may result in differences between the experimental adaptations and the
typical expected contracture adaptations. For all of the adaptation experiments, based on previous
research into the rates on adaptation, subjects are expected to reach a steady-state gait pattern with 20-25
strides and this steady-state pattern will incorporate combinations of specific kinematic adaptations.
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Figure 3.2: Ankle-foot-orthosis (AFO). Upper and lower portions attach to subject using Velcro straps.
The custom joint connecting the foot and leg components can be locked to limit ankle range of motion.
Locking the ankle in a plantarflexed position simulates drop foot during the swing phase of gait.
Drop foot, therefore typical drop foot swing phase adaptations (steppage gait) are expected. This may
potentially include combinations of increased knee flexion on the impaired leg, increased thigh flexion
on the impaired leg and vaulting (rise up on toes) of the non-impaired leg and the frontal plane rotation
of the pelvis to lift the hip of the impaired leg. During the stance phase, a plantarflexed locked ankle
should prevent the forward rotation of the limb over the supporting foot. This should result in the toeoff time occurring earlier in the gait cycle and an associated asymmetry in the stance-swing ratios of the
two limbs (decreased stance and increased swing on the impaired leg). There are significant changes
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Figure 3.3: AFO joint with locking key inserted. Each side of the joint contains a recess for insertion of
locking keys. The keys are fastened in place using a machine screw. The variety of keys allow for
limiting the ankle range of motion in different ways.
expected during initial contact. As with drop foot gait, initial contact may occur with the forefoot rather
than the heel. This would be expected earlier in the adaptation process, with late swing increases of hip
flexion possibly occurring later in the adaptation to allow the heel to make initial contact. An inverse
dynamics analysis should reveal changes in joint torques that correlate with each of these kinematic
changes.
Locking the foot with the toes pulled upwards simulates the much rarer case of a dorsiflexion
contracture. There should be fewer gait modifications during the swing phase for this experiment since
there is no need for vaulting or steppage gait to prevent toe dragging. The transition from heel strike to
flat foot will be significantly affected. Initially subjects should be expecting the foot to be in a more
neutral orientation. This will result in an unexpected fast transition to foot flat and a sudden drop in the
affected side of the body (increased knee and hip flexion). The increased forward shank rotation
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resulting from the dorsiflexed foot should should result in a shorter stance phase since the non-impaired
leg must be moved forward sooner to prevent the subject from falling forward. Similar to the previous
AFO case, an inverse dynamics analysis should reveal changes in joint torques that correlate with each
of these kinematic changes.
Limiting the range of motion of the ankle to only dorsiflexion and no plantarflexion should result
in similar, though less significant changes as in the locked dorsiflexion experiment. The inability to
plantarflex will result in the inability to properly push-off with the toes, thus resulting in an early toe-off
and shortened stance time.
By not allowing the ankle to dorsiflex while allowing plantarflexion should affect the gait pattern
in a similar manner to the locked plantarflexion experiment, though to a less significant degree. The
subjects will not be able lift their toes past a neutral alignment, so there may still exhibit some steppage
gait and vaulting to prevent toe dragging and will also have to compensate slightly with increased hip
flexion to prevent initial contact with the toes. However, in this case, the toe-off adaptations seen during
the locked plantarflexion case should be seen, since the subjects will be able to fully plantarflex their
ankle to push-off with their toes.
Having the subjects walk on the treads at two different speeds should result in the most
significant changes to their gait patterns. The obvious changes will be a decrease in the stance phase on
the faster tread side. This will also be associated with a decrease in the swing time on the slower tread
side. The faster tread side should exhibit similar changes in kinematics and dynamics to the changes
seen in the increased speed trials of Experiment #1. Similarly, the slower tread side should exhibit
similar changes to a decrease in walking speed. This particular task will be the most unnatural change
during the adaptation experiments and therefore allow for more adaptation potential. This means that
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the internal model formation demonstrated by the after-effect trials should show more dramatic gait
deviations during the initial strides.

3.4

Experiment #3 – Patient Pilot Studies
The final set of experiments was designed to study the gait patterns of impaired patients. The

intent of this work was to record the gait patterns of patients as case studies for comparison with the
healthy subject adaptation data. Specifically, the question was whether it would be possible to infer any
information about the patient impairments based on such comparisons. Prior to the analysis of the gait
data, the researchers were blinded to the specific impairment details of the patients.

3.4.1

Experiment Subjects
Two patients with conditions causing ankle impairments were recruited for this study. The

patients were supplied by Mentis Rehabilitation in El Paso, TX.

The experimental protocol was

approved for use with patients by the IRB at UTEP and both subjects signed informed consents before
the experiment. The height, weight and age details for these patients are given in Table 3.3 below.

Table 3.3: Experiment #3 patient statistics.

Subject Age (years) Height (m) Weight (kg) Body Fat (%)
1

43

1.70

81.2

28.1

2

34

1.81

88.8

27.1

Average

38.5± 6.4

1.76 ± 0.08

85.0 ± 5.4

27.6 ± 0.7
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Patient #1 Medical History
•

Detailed medical history not available

•

Motion on left side affected by stroke

•

Able to walk without AFO or assistance

•

Exhibits drop foot

•

Predominantly circumduction compensation

Patient #2 Medical History

3.4.2

•

Right mid-brain stroke in 2003

•

Movement impaired on left side

•

Various rehabilitation courses since

•

Deep Brain Stimulation connected to brain stem

•

Able to walk without AFO or other assistance

•

exhibits drop foot

•

Mostly vaulting compensation

•

Some circumduction compensation

Experiment Procedure
The procedure used for the collection of patient data was similar to that used for the subjects in

Experiment #1. However, the patients only performed a single three minute trial walking at their selfselected natural walking speed. Also, the subjects were brought up to speed at a more gradual rate and
were given more time to become accustomed to walking on the treadmill. In addition to the safety bars
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on the treadmill, research assistants were positioned next to the treadmill to catch the subject in the event
of a fall.

3.4.3

Expected Results
While the specific details of the patient impairments were kept from the researchers during the

data analysis stages, it was apparent during the experiment that both subjects exhibited drop foot
symptoms. In this particular case, the blinding of the subject data may not have been affective since the
researcher performing the analysis also participated in conducting the experiments. The drop foot
exhibited by the patients implies that they will exhibit similarities to the locked plantar-flexion gait
patterns, at least during the swing phase. Their decreased ability to generate dorsiflexion moments
would also hinder the forward progression of the impaired limb over the support foot. Also, the subjects
more than likely have decreased strength on their impaired side resulting in the inability to support their
weight. Both of these factors should result in a decreased stance phase on the affected side.
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Chapter 4: Inverse Dynamic Model of Gait
4.1

Model Design
The goal of the modeling in this work was to develop an inverse dynamic model that maintained

much of the simplicity of sagittal plane gait models while also allowing for pelvis motion in the frontal
and coronal planes.

This extra pelvis motion was added to the model in anticipation of future

requirements for studying more complex gait patterns in patient populations.
The overall model is divided into four subsystems including the legs, the pelvis and the headarm-trunk (HAT) segment. The pelvis is modeled as a single triangular plate with the other three
subsystems attached at the vertices. While the pelvis is permitted to have three rotational degrees of
freedom, the segments of the HAT and leg systems are constrained to move only in the sagittal plane.
The plane of motion for each of these constrained subsystems is defined by the medial-lateral location of
the point of contact with the pelvis. Therefore, the base of each sagittal plane system (hip joints for the
legs, lumbar spine joint for the HAT) is permitted to move in the frontal plane with the rest of each
subsystem remaining parallel to the sagittal plane.
The HAT segment is modeled as a single segment attached to the top of the pelvis. Due to its
constrained motion in the sagittal plane and the attachment to the pelvis, the HAT has a single degree of
freedom (DOF) at the lumbar spine joint. Each of the legs is modeled as three segments (thigh, shank
and foot) with three single DOF joints (hip, knee and ankle). Combined with the three rotational DOF
of the pelvis, the model contains ten rotational DOF. In addition to these motions, the pelvis center of
mass (COM) has two translational DOF in the sagittal plane, resulting in a total of 12 DOF for the
overall system. Since the legs are constrained to the sagittal plane and the associated ground reaction
forces are also sagittal in nature, the pelvis COM is constrained to not move in the medial-lateral

29

direction, thus limiting it to two translational DOF. The basic configuration of the model is shown in
Figure 4.1 below:

Figure 4.1: Inverse dynamic model configuration. The pelvis is modeled as a triangular plate with three
rotational DOF. The legs and torso are attached to the pelvis at the triangle vertices and are constrained
to be parallel to the sagittal plane.
For the inverse dynamics analysis, resultant driving torques are determined for each of the
rotational degrees of freedom. The hip, knee, ankle and lumbar spine joint torques represent the typical
sagittal plane motion. The three pelvis rotational DOF are located at the pelvis COM and help support
the HAT segment and also control the pelvic drop and tilt that result in separate sagittal plane motions of
the two hip joints.
The model inputs include joint center and segment orientation data. These inputs are derived
directly form the motion data exported from the Simi motion capture software. The specific joint
centers used include:
•

Hips

•

Knees
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•

Ankles

•

Lumbar spine

The segment orientations include:

4.2

•

Feet

•

Shanks

•

Thighs

•

Torso

System Equations of Motion
The equations of motion for the inverse dynamic model were derived using a the Newton-Euler

approach. The first stage of this process involves determining the interaction forces between the
segments using the measured GRF values and the COM accelerations for each segment. The process for
deriving the segment COM acceleration trajectories is outlined in Section 4.3 below.
Deriving the joint moments for the legs starts at the distal segment of the leg (the foot). The
measured COM acceleration and GRF values are used to determine the foot-shank interaction force at
the ankle as in (4.1), where FG is the 2D ground reaction, FA is the ankle reaction force, MF is the mass
of the foot , g is the acceleration due to gravity and X¨ F is the 2D linear acceleration of the foot COM.

F A =M F X¨ F −F G M F g

(4.1)

The ankle reaction force, FA, represents the force exerted on the ankle by the shank. Therefore,
the force exerted by the ankle on the shank is -FA. Applying this force to the shank gives the knee
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reaction force acting on the shank as in (4.2) where MS is the mass of the shank, FK is the knee reaction
force and X¨ S is the shank COM acceleration.

F K =M S X¨ S F AM S g

(4.2)

Ina similar manner, the hip interaction force acting on the thigh is given in (4.3), where MT is the mass
of the thigh, FH is the hip reaction force and X¨ T is the thigh COM acceleration.

F H =M T X¨ T F K M T g

(4.3)

The same process is repeated for each leg and for the torso. However, for the torso, the
simplified equation for finding the lumbar spine interaction force, FL , has no distal reaction force and is
shown in (4.4) where MH is the HAT mass and X¨ H is the HAT COM acceleration.

F L =M H X¨ H M H g

(4.4)

Each of the reaction forces from the legs and torso are then applied to the pelvis as in (4.5), where FHR
and FHL are the right and left hip interaction forces, MP is the mass of the pelvis, X¨ P is the acceleration
of the pelvis COM and FP is an additional force acting on the pelvis COM.

F P =M P X¨ P M P gF HR F HL F L
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(4.5)

Theoretically, the residual force, FP,should be zero, since the motion of the pelvis COM should be based
only on the interaction forces with the attached segments. However, due to measurement error in the
data, simplifications made during the model development and errors introduced by the differentiation of
the position motion data contribute to making this force non-zero.
Once the interaction forces have been calculated, the joint moment calculation follows a similar
procedure as the interaction force calculation. The ankle joint moment (or torque), TA, is calculated as
shown in (4.6), where RFG and RFA are the vectors from the foot COM to the point of application of the
GRF (COP) and the ankle reaction force respectively. Additionally, IF is the moment of inertia of the
foot and ¨ F is the angular acceleration of the foot.

T A=I F ¨ F − RFG ×F G− RFA× F A

(4.6)

The magnitude of RFG and RFA are defined based on the position data exported from the subject's static
trial in Simi, while their orientation are calculated from the segment orientations exported from the
motion trial.
As with the ankle reaction force, the negative of the ankle moment acts on the shank. This
relationship is used in (4.7) to calculate the knee moment, TK, in the same manner used in (4.6).

T K =I S ̈S T A−R SA×F A− RSK ×F K

(4.7)

In (4.7), IS is the moment of inertia for the shank, ̈S is the angular acceleration of the shank, and RSK is
the vector from the shank COM to the knee and RSA is the vector to the ankle from the shank COM.
Similarly, the hip moment, TH, and lumbar moment, TL, are calculated as in (4.8) and (4.9) respectively.
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T H = I T ̈T T K −RTH ×F H −RTK ×F K

(4.8)

T L =I H ̈H −R HL× F L

(4.9)

In (4.8), RTH is the location of the hip with respect to the thigh COM, RTK is the vector from the thigh
COM to the knee, IT is the thigh moment of inertia and ̈T is the angular acceleration of the thigh. In
(4.9), IH is the HAT moment of inertia, ¨H is the HAT angular acceleration and RHL is the vector from
the HAT COM to lumbar spine joint.
Finally, the resultant moments and forces applied to the pelvis are used to calculate the 3D
moment acting about the pelvis COM. This moment is the sum of the moments generated by the CNS to
control the movement along with residual torques similar in nature to the residual forces acting on the
pelvis.

T P= I P ¨ P T RH T LH T L

(4.10)

RPRH × F RH R PLH ×F LH R PL ×F L

where, IT is the moment of inertia for the pelvis, ̈P is the angular acceleration of the pelvis, TRH and TLH
are the respective moments from the right and left hips, TL is the lumbar spine moment and RPRH, RPLH
and RPL are the vectors from the pelvis COM to the right hip, left hip and lumbar spine respectively.
The moments from the hips and lumbar spine in (4.10) represent the 2D moments from the
attached segments transformed to moments acting about the Euler angle rotations. The transformation
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involves the pre-multiplication of the applied torques by the rotation matrix defining the orientation of
the pelvis. The derivation of the rotation matrix will be outlined in Section 4.3.

4.3

Processing of Model Inputs
There are 11 kinematic inputs to the dynamic model that must be extracted from the motion

capture data. The values for the joint angle inputs for each leg and for the HAT segment are derived
from the segment orientation data exported from Simi, which are measured with respect to the Simi
world reference frame. The angles for the lumbar spine and both hips are taken directly from the X-axis
(sagittal plane) orientation data for the segment attached to the joint.
The knee and ankle angular positions were calculated from the segment orientations of the thigh,
shank and foot. Each is determined by finding the difference between the proximal and distal segments
attached to the joint as given in (4.11) for the knee and (4.12) for the ankle. The angular velocity and
acceleration values for these joints were determined in a similar manner.

KNEE =SHANK −THIGH

(4.11)

ANKLE = FOOT −SHANK

(4.12)

The final kinematic inputs represent the pelvis COM and orientation values, which can be
derived from the joint centers of the hip joint and the lumbar spine joint. The dimensions of the pelvis
were determined from the joint center locations during the static trial. The definition of the triangular
plate by the attached joint centers can be seen in Figure 4.1.
The Euler angles for the pelvis were found by first determining a rotation matrix from unit
vectors, u, v and w. The orientation of the u vector was defined by normalizing the vector pointing from
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the lumbar joint to the midpoint between the hip joints. The w vector was found by normalizing the
vector pointing from the left hip joint center to the right hip joint center. The final unit vector, v, was
defined as the the cross product of the other unit vectors. A rotation matrix describing the orientation of
the pelvis was then constructed from the unit unit vectors as shown in (4.13). This is the rotation matrix
used to convert the moments from the hips and torso to the pelvis system.

[

uX
R P= u Y
uZ

vX
vY
vZ

wX
wY
wZ

]

(4.13)

When determining the Euler angles for a given rotation matrix, one must be careful to define
order of the rotations. Since each successive rotation is about the newly rotated reference frame,
different rotation sequences will result in different Euler angle values. For example, an X-Y-Z rotation
order does not yield the same Euler angle values as a Z-Y-X sequence. For the current work, an X-Y-Z
sequence was used. Following this rotation sequence, results in the rotation matrix in (4.14), where c
and s represent the cosine and sine of the indicated Euler angle. The elements of this matrix correspond
to the values of the rotation matrix in (4.13).

[

c Y c Z s X sY c Z −c X s Z c X s Y c Z s X s Z
R P= c Y s Z c X sY s Z c X c Z c X s Y s Z −s X c Z
−s Y
sX cY
c X cY

]

(4.14)

From these two equations, the following Euler angle equations can be derived as shown in (4.15). The
velocities and accelerations of these Euler angles were then determined using numerical differentiation.
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Y =asin−R P 3,1







 X =atan2

R P 3,2 R P 3,3
,
cos Y  cos Y 

Z =atan2

R P 2,1 RP 1,1
,
cos Y  cos Y 

(4.15)

The Simi software provides estimates of the COM locations of each body segment. During the
static trial, the COM locations were used in conjunction with the joint center data to determine the COM
location for each of the leg segments in the simulation and for the pelvis. For the thigh and shank
segments, the distance of the COM from the proximal endpoint was defined as the distance between the
proximal joint center and the COM locations. For the foot segments, a position vector from the ankle to
the COM location was determined. The COM for the pelvis provided by the Simi software did not lie
on the triangular plane defined by the hip and lumbar joint centers. The pelvis COM value used as an
input to the dynamic model is the perpendicular projection of the Simi pelvis COM onto the triangular
plate from below.
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Chapter 5: Experimental Results
5.1

Experiment #1

5.1.1

Kinematic Analysis
In order to assess the effect of changing the treadmill speed, each subject was processed

separately with each of the slower and faster trials being compared with the natural speed trial. The
average kinematic trajectories of the leg joint angles for Subject #1 are given in Figure 5.1 for the right
leg and Figure 5.2 for the left leg. These figures show the joint angle trajectories for the slow (dashed
line), natural (solid line) and fast (dotted line) walking trials. The orientation of the HAT segment and
the height and anterior posterior location of the pelvis COM are given in Figure 5.3. Finally, angular
trajectories given in Figure 5.4 are the Euler angles specifying the orientation of the pelvis. The plotted
results are shown for Subject #1.
As can be seen in Figures 5.1-2, the right and left joint angle trajectories are similar in shape but
shifted by 50% of the gait cycle. This makes sense since the subjects for this experiment were healthy
with no known neuromotor deficits, and as such their gait should be symmetrical. The most significant
speed-related changes occur in the ankle angle trajectories, while less significant changes are seen in the
hip angle. This intuitively makes sense since the ankle angle in closest to the ground and therefore
experiences more dramatic changes in motion due to changing GRF levels.

The ankle and knee

joints,along with the soft tissues in the legs act as shock absorption damping out the effects of the GRF
changes by the time they reach the hip.
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Figure 5.1: Right leg joint angle trajectories. Top - Hip joint angle. Middle – Knee joint angle. Bottom
– Ankle joint angle The dark solid line is for the natural walking speed, the dashed line for the slow
speed and the dotted line for the fast speed. The horizontal time axis represents gait cycle percentage
and all angles are in radians.
The location of the pelvis COM seen in Figure 5.3 is related closely to the location of the hip
joints as the subject walks. While it may appear that both the fast and slow trials show large decreases
in the anterior-posterior pelvis COM location, it must be noted that the downward shift of the trajectories
is the result of the subject walking at a slightly different location over the treadmill. Therefore, only the
shape of these trajectories is of importance when considering changes due to walking speed. In this
regard, there are some variations in the height of the pelvis COM in the last half of the gait cycle, during
left leg stance. The height of the COM undergoes large changes as the result of changes in walking
speed. The peak pelvis COM height during the swing phase of each leg is similar for all three walking
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Figure 5.2: Left leg joint angle trajectories. Top - Hip joint angle. Middle – Knee joint angle. Bottom –
Ankle joint angle The dark solid line is for the natural walking speed, the dashed line for the slow speed
and the dotted line for the fast speed. The horizontal time axis represents gait cycle percentage and all
angles are in radians.

speeds. This is due to the relationship between the stance leg functional length and the height of the
pelvis at this point. Since there is no significant difference in peak knee flexion of the stance leg
(smaller valley in the knee flexion trajectory in Figure 5.1), the height of the stance leg hip joint (and by
extension the pelvis COM) will be similar for all three walking speeds. There are, however, significant
changes in the height of the pelvis COM shortly following the heel strike of each leg. These are the
locations at which the most significant changes in ankle angle occur in Figure 5.1.
The orientation of the torso in Figure 5.3 appears to exhibit significant changes in the second
half of the gait cycle. This may be related to the difference in pelvis COM anterior-posterior location. It
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Figure 5.3: HAT segment angle and COM location of the pelvis. Top - Anterior-posterior pelvis COM
location. Middle – Pelvis COM height. Bottom – Torso orientation about the X-axis measured from the
Y-axis. The dark solid line is for the natural walking speed, the dashed line for the slow speed and the
dotted line for the fast speed. The horizontal time axis represents gait cycle percentage. The COM
location values are in meters and the torso angle is in radians.

appears that, when walking at the slower speed, this particular subject allowed the treadmill to pull them
backwards. As the pelvis at the base of the torso moves further back, the torso exhibits a forward
(negative) rotation. This asymmetry is apparent at all three walking speeds, but is more pronounced at
slower speeds.
Overall, the trajectories given in Figures 5.1-4 demonstrate that there are definite differences
resulting from the changes in walking speed for several of the kinematic trajectories considered.
However, the exact nature of these differences cannot be read directly from the Figures.
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Figure 5.4: Pelvis orientation Euler angles. Top - X-axis Euler angle. Middle – Y-axis Euler angle.
Bottom – Z-axis Euler angle. The dark solid line is for the natural walking speed, the dashed line for the
slow speed and the dotted line for the fast speed. The horizontal time axis represents gait cycle
percentage and all angles are in radians.
In order to assess the nature of the changes to the kinematic patterns, several performance
metrics were selected and their average values determined for the different walking speeds.
particular, the following metrics were chosen.
•

Stride time (seconds)

•

Stance phase percentage (%)

•

Stride length (meters)

•

Peak knee flexion (radians)

•

Peak hip extension (radians)
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In

•

Peak hip flexion during swing phase (radians)

•

Ankle angle at toe off (radians)

•

Ankle angle at heel strike (radians)

•

Peak toe clearance (meters)

•

Hip joint height during stance (radians)

•

Hip joint height during swing (radians)

Table 5.1 shows the means and standard deviations for the above metrics for the right legs of all
of the subjects.

The results for each of the slow and fast trials were compared to those of the

corresponding natural speed trial.

Those results showing statistically significant differences are

presented in the Table 5.1 in italics. This data is also given in Figures 5.5-7 to provide a more clear
view of any trends present in the data.
As expected, the stride times for all of the subjects decreased as their walking speed increased.
As subjects walk faster, they walk with a higher cadence thus reducing the step time. There is also a
significant decrease in the amount of time spent in the stance phase as subjects walk faster. Counterintuitively, there was a decrease in stride length for all subjects as they walked faster, which is not the
general relationship seen in the literature for overground walking. This difference may be related to the
changes in the anterior-posterior location of the pelvis COM from Figure 5.3. If the asymmetry in the
COM position was indeed the result of subjects allowing the treadmill to pull them backwards when
walking at slower speeds, then the corresponding calculated stride length could increase. This may also
be related to the larger stance times seen during the slower walking trials.
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Table 5.1: Average (± std dev) performance metric values for three subjects and three speeds.

Subject

1

2

3

Trial

Slow

Natural

Fast

Slow

Natural

Fast

Slow

Natural

Fast

Stride
Time

1.27±.022

1.17±.02

1.04±.01

1.25±.03

1.18±.027

1.11±.03

1.37±.051

1.2±.021

1.1±.024

Stance
%

64.3±1.03

62.8±.81

62.0±.53

66.6±.88

64.9±1.13

64.0±1.0

68.4±1.78 66.6±1.54 66.0±1.37

Stride
Length

1.15±.023 1.06±.017 0.95±.013 1.09±.036 1.03±.028 0.97±.032

1.22±.051 1.07±.027 0.98±.029

Knee
Flexion

0.95±.023 0.99±.015 1.04±.014 1.01±.037 1.07±.025 1.08±.044 0.84±.023 0.83±.019 0.94±.021

Hip
Extension
Hip
Flexion

0.23±.009

0.25±.01

0.27±.009 0.22±.017 0.24±.014 0.26±.017

0.29±.011 0.31±.011 0.33±.009 0.42±.017 0.43±.015 0.45±.014

0.33±.02

0.36±.017 0.37±.018

0.26±.013 0.24±.011 0.31±.013

Ankle Toe -0.14±.034 -0.15±.026 -0.18±.024
Off

0.05±.05

Ankle Heel -0.08±.017 -0.07±.011 -0.07±.01
Strike

0.06±.021 0.04±.012 0.04±.013 -0.06±.016 -0.05±.015 -0.02±.015

Toe
.056±.003 .064±.002
Clearance

.031±.013 .049±.007 .049±.012 .019±.016 .011±.013

.07±.003

-.04±.047 -0.09±.082 -0.11±.028 -0.08±.026 -0.10±.035

.011±.01

Hip Height .939±.002 .937±.002 .939±.002 .881±.003 .878±.002 .878±.003 1.00±.002 .999±.002 .998±.003
Stance
Hip Height .923±.001 .921±.001 .923±.001 .904±.002 .899±.002 .905±.003
Swing

.996±.001 .993±.001 .994±.001

*italics – Statistically significant difference from natural speed trial

The levels of peak hip flexion and extension exhibit small yet statistically significant increases as
the result of walking faster (Figure 5.6A-B). At faster walking rates, the hip angle extremes would
generally correlate with a longer stride length and a lower pelvis COM height at heel strike. The second
of these characteristics is seen to be true from Figure 5.3 However, the correlation in stride length is not
apparent. This is further evidence in support of the idea that the subjects' stride lengths are artificially
lengthened by allowing the treadmill to pull them backwards slightly during the stance phase at slower
walking speeds. This would affect the stride time, but would not have a significant effect on the thigh
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Figure 5.5: Average performance metrics for three subjects at three different speeds. Vertical error bars
represent standard deviation A – Stride time, B – Stance percentage, C – Stride length, D – Peak knee
flexion.

orientation at the moment of heel strike. For two of the three subjects, there is a decrease in the ankle
angle at toe-off. This corresponds to the ankle undergoing extra plantarflexion at this time. The faster
speed and larger ankle moments required for push-off would results in the foot experiencing extra
plantarflexion. There is however, no clear pattern of change in the ankle angle during heel strike
resulting from changes in walking speed.
While the pelvis COM exhibits significant changes due to changes in walking speed, the peak
hip joint heights during stance and swing remained relatively constant. In healthy non-impaired subjects
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Figure 5.6: Average performance metrics for three subjects at three different speeds. Vertical error bars
represent standard deviation A – Peak hip extension, B – Peak hip flexion, C – Ankle angle at toe off, D
– Ankle angle at heel strike.
the peak hip heights at these time may not change much since the height is mostly dictated by the length
of the stance leg. However, it is expected that patients with drop foot who must lift their foot higher to
achieve toe clearance may see a change in these values resulting from vaulting and steppage gait
patterns. Finally, the toe clearance increase for two of the three subjects as is expected with the
increases in peak knee flexion. However, one subject showed a decrease in peak toe clearance. This is
also the subject who exhibit the least prominent trend in increasing knee flexion.
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Figure 5.7: Average performance metrics for three subjects at three different speeds. Vertical error bars
represent standard deviation A – Hip height during stance, B – Hip height during swing, C – Peak toe
clearance.
After analyzing the changes in kinematics above, the changes in the ground reaction forces were
also studied. Figure 5.8 shows the GRF values for the right leg and Figure 5.9 presents the GRF plots
for the left leg. Once gain, the results are shown for Subject #1. As with the leg joint angles, the GRF
data for the left and right legs is symmetrical. There are clear significant increase in the peak force
levels in both the anterior and posterior direction and in the vertical direction for faster walking speeds.
The most prominent changes occur as the result of heel strike and toe-off changes.
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Figure 5.8: Average GRF values acting on the right foot. Top – Anterior posterior force. Bottom –
Vertical force. The dark solid line is for the natural walking speed, the dashed line for the slow speed
and the dotted line for the fast speed. The horizontal axis is the gait cycle percentage and the force
values are in Newtons.
At heel strike the forward progression of the leg must be stopped to allow for placement of the
foot into stance. The faster the walking speed, the more deceleration is required and thus the larger GRF
value in the both the horizontal and vertical direction. At toe off, more force is required to swing the leg
forward, therefore an increase in the ground reaction forces is also seen. In the midstance phase, a lower
valley is seen in the vertical ground reaction forces. Examination of the GRF plots also demonstrates the
longer stance time seen for slower walking speeds since the GRF values go to zero earlier in the gait
cycle.

48

Figure 5.9: Average GRF values acting on the left foot. Top – Anterior posterior force. Bottom –
Vertical force. The dark solid line is for the natural walking speed, the dashed line for the slow speed
and the dotted line for the fast speed. The horizontal axis is the gait cycle percentage and the force
values are in Newtons.

5.1.2

Inverse Dynamic Analysis
The results of the inverse dynamics analysis for Subject #1 are given in Figures 5.10-12. In

particular, the results for the right leg, left leg and pelvis motion are given in Figures 5.10, 5.11 and 5.12
respectively.

In Figures 5.10-11, the natural walking speed results follow typical joint moment

trajectories for healthy non-impaired subjects [RPCP06]. All three joints exhibit larger moments at
faster speeds during much of the stance phase in order to move progress the body over the limb and to
generate additional force during push-off. Additionally, immediately after toe-off, faster walking speeds
show larger moments in order to move the swing leg forward at a faster rate.
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Figure 5.10: Average joint moments for the right leg determined using an inverse dynamics analysis.
From top to bottom the plots show the moments for the hip, knee and ankle. The solid line represents
the natural walking speed, the dashed line the slow speed and the dotted line the fast speed. The
horizontal axes give gait cycle percentage and the vertical axes are the moments in Nm/kg (normalized
by subject mass).

The results for the pelvis moments are presented in Figure 5.12. Recall that the order of rotation
follows the XYZ sequence. The positive X-axis is along the subject's walking direction, with positive
moments following the right-hand rule (counter-clockwise when looking towards the subject from the
front). The Y-axis closely correlates with coronal plane rotation of the pelvis with positive moments
working to move the right side of the pelvis forward and the left side of the pelvis backwards. Finally,
the Z-axis of rotation closely correlates with the sagittal plane rotation of the pelvis. The moment about
this axis is typically closer to a constant value, as the pelvis is not rotating by as much in this plane when
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Figure 5.11: Average joint moments for the left leg determined using an inverse dynamics analysis.
From top to bottom the plots show the moments for the hip, knee and ankle. The solid line represents
the natural walking speed, the dashed line the slow speed and the dotted line the fast speed. The
horizontal axes give gait cycle percentage and the vertical axes are the moments in Nm/kg (normalized
by subject mass).
compared to the other two Euler rotations. There are no clear patterns resulting from changes in walking
speed exhibited in the pelvis moment results. However, there does appear to be larger magnitude X and
Y moments at the heel strike times (0% and 50% gait cycle) to counteract the effects of larger ground
reaction forces.
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Figure 5.12: Average joint moments for the pelvis DOF determined using an inverse dynamics analysis.
From top to bottom the plots show the moments for the X, Y and Z Euler rotations. The solid line
represents the natural walking speed, the dashed line the slow speed and the dotted line the fast speed.
The horizontal axes give gait cycle percentage and the vertical axes are the moments in Nm/kg
(normalized by subject mass).

5.2

Experiment #2

5.2.1

Kinematic Analysis
The kinematic analysis of the adaptation experiments presented here focuses primarily on the

behaviour of the performance metrics from Table 5.1 throughout the adaptation process.

In all

instances, the adaptation and after-effect results are shown together and compared with the average
performance during the corresponding null field trial. Once again, the figures presented show the results
for Subject #1. In all of the figures in this section, the right leg is shown in the top plot and the left leg
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in the bottom plot. Recall that the leg with the AFO was the right leg and that the right tread was
moving faster for the different tread speeds experiment. In all cases, the only difference between the
adaptation and after-effect experiment conditions is the removal of the gait task modification between
the trials.

Locked in Plantarflexion
The adaptation results for Subject #1 during the plantarflexed experiment are outlined in Figures
5.13-16. In Figure5.13 the stride time and stride length adaptation trials do not appear to show any
changes from the null trial performance. However, once the AFO was unlocked, there is a clear aftereffect of adaptation. Both the stride time and length show a decrease in the early after-effect trials,
which gradually returns to the null trial levels within about 25 trials. This after-effect pattern is typical
of the internal models investigated in motor adaptation literature. The lack of an initial change during
the adaptation trial is unusual, though may be the result of the nature of the experiments. Traditional
adaptation experiments impose unknown force-fields onto the subjects and therefore the subjects have
no opportunity to predict what is going to happen. In the current work, thee nature of the gait task
modification was apparent to the subject immediately after it was applied. Therefore the subjects could
form an initial prediction of what modifications would be necessary to compensate for the modification.
Therefore, there would be less chance for an initial error in performance that would need to be corrected.
It is worth noting the clear similarities between the stride length and stride time plots for the left
and right legs. This is due to the fact that stride lengths and stride times are naturally going to be the
same for both legs, since a full stride incorporates a step from each leg. The stance percentage however,
should provide insight into gait asymmetries resulting from the adaptation process. In Figure 5.13C,
there is a clear decrease in the right leg stance time at the beginning of the adaptation trial. This then
increases towards the end of the trial. The corresponds with a small decrease in the stance time for the
53

A

B

C

Figure 5.13: Stride time (A), stride length (B) and stance percentage (C) kinematic data through
adaptation to AFO locked in plantarflexed position. For each performance metric, the top plot is for the
right leg and the bottom plot is for the left leg. Each data point represents the average value for three
strides. The square data points are for the adaptation stage and the diamonds are for the after-effect
stage. The dashed horizontal line shows the null stage average performance. The units for the vertical
axes are seconds, meters and % for A, B and C respectively.

left leg near the end of the adaptation trial. The after-effect of the learning process is seen in the
increase in larger stance time for the left leg at the beginning of the after-effect trial. Again, there is a
gradual return to the null trial levels within 20 strides.
In Figure 5.14A, there is a clear pattern of changes associated with the adaptation process.
During the adaptation stage the peak hip extension levels are higher than the null stage. This is the case
for both the left and right legs, although the effect is more pronounced on the right leg with the AFO.
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Figure 5.14: Hip extension (A), hip flexion (B) and knee flexion (C) kinematic data through adaptation
to AFO locked in plantarflexed position. For each performance metric, the top plot is for the right leg
and the bottom plot is for the left leg. Each data point represents the average value for three strides. The
square data points are for the adaptation stage and the diamonds are for the after-effect stage. The
dashed horizontal line shows the null stage average performance. The units for the vertical axes are
radians.

Then the peak hip flexion angle shows a sharp decrease as an after-effect of the internal model
formation, which gradually decreases to null trial levels within about 20 strides.

As in previous

adaptation research, the after-effect is in the opposite direction as the changes resulting from the
adaptation tot he new task dynamics. For hip flexion, there is an slight decrease in peak flexion for the
left leg and a distinct increase for the right leg. Throughout the adaptation trial the left leg hip flexion
gradually returns to the null trial average, however the right leg hip flexion does not. In fact the right leg
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flexion remains significantly higher than the null trial average through the entire after-effect trial as well,
though there appears to be a slight decrease towards the end of the after-effect trial. The increase in
flexion as a result of locking the foot in a plantarflexed position is similar to the increased hip flexion
seen during steppage gait in patients with drop foot. However, the reason the subject did not quickly
(within 25 strides) return to the null trial performance levels after the AFO lock was removed is not
readily apparent.
As expected, the peak knee flexion angle of the right leg increased during the adaptation trial.
This change was required to allow proper toe clearance during the swing phase and is consistent with the
gait patterns seen in patient populations with drop foot. Also, there is a decrease in the left leg peak
knee flexion during the initial strides of the adaptation trial. Since the subject's foot is locked with the
toes down, the right leg stance phase should involve some degree of tip-toe walking which in turn raises
the level of the pelvis and thus the left knee would require less flexion to achieve toe clearance during
swing. As with the peak knee hip flexion, the knee flexion increase in the right leg did not return to null
field levels during the after-effect trial, though it did show a clear decrease.
In Figure 5.15A there is a clear increase in the peak hip height during the swing phase. As with
the previous adaptations, this is consistent with gait patterns seen in patient populations. In order for toe
clearance to be achieved, the subject compensates for the plantarflexed foot by rotating the pelvis to lift
the hip joint on the affected limb. Also, in line with the results seen for hip[ and knee flexion peak
values during the swing phase, the peak hip height also does not return to the null trial average during
the after-effect trial. For the left leg, there are no significant changes seen for the swing phase hip
height.
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Figure 5.15: Hip joint height during swing (A), hip joint height during stance (B) and peak toe clearance
(C) kinematic data through adaptation to AFO locked in plantarflexed position. For each performance
metric, the top plot is for the right leg and the bottom plot is for the left leg. Each data point represents
the average value for three strides. The square data points are for the adaptation stage and the diamonds
are for the after-effect stage. The dashed horizontal line shows the null stage average performance. The
units for the vertical axes are meters.

The height of both the left and right hips show clear increases during the adaptation trial and the
height for both decrease by the end of the adaptation trial, although the decrease is more significant on
the right side. The right hip height change is most likely the result of a tip-toe stance phase for the right
foot. The increase on the left is not as significant as that on the right, however, the increase does make
sense in terms of compensation for drop foot. Occasionally patients will increase the functional length
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of the unaffected leg during stance (vaulting) to effectively increase the height of the pelvis and thus
allow for easier toe clearance. Again, as with the other adaptations for improving toe clearance, this
adaptation does not reduce to null trial levels during the after-effect trial. The right leg stance phase hip
height however, immediately returns to the null trial level during the after effect trial, since there is no
longer a tip-toe gait being imposed on the right foot.
Figure 5.15C shows the toe clearance levels for both legs. The toe peak toe clearance for the left
leg remains at the null trial levels throughout the adaptation and after-effect trials. However, the right
leg toe clearance shows a significant increase from the beginning of the adaptation trial. This is the
most clear evidence that the subject formed an initial estimate of the modifications required for walking
with a plantarflexed ankle before the adaptation trial began. Then as the subject realized that their initial
estimate was too conservative and they became comfortable walking with the plantarflexed foot, the toe
clearance decreased by the end of the adaptation trial. In fact for the after effect trial, the toe clearance
levels continued to decrease below the null trial average levels.
Figure 5.16 shows the angles of the ankles at the moments of heel strike and toe off. There is no
significant change for the left leg during either of the adaptation or after-effect trials. However, the
ankle does exhibit lower levels than the null trial values during the adaptation phase. This demonstrates
the plantarflexion locking of the ankle, since any ankle locked in such a position would show a decrease
in ankle angle.

After the modification was removed the ankle returned to null trial levels.

Locked in Dorsiflexion
The results in Figure 5.17 show clear gait timing adaptations when the ankle is locked in a
dorsiflexed position. The stance phase percentage is lower than the null trial level since the ankle cannot
plantarflex during push off and the foot is therefore lifted early to start the swing phase. This is
accompanied by a corresponding increase in the stance phase percentage for the left leg. Since the right
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Figure 5.16: Ankle angle at heel strike (A) and toe-off (B) kinematic data through adaptation to AFO
locked in plantarflexed position. For each performance metric, the top plot is for the right leg and the
bottom plot is for the left leg. Each data point represents the average value for three strides. The square
data points are for the adaptation stage and the diamonds are for the after-effect stage. The dashed
horizontal line shows the null stage average performance. The units for the vertical axes are radians.
right stance is shortened, the left swing will also be shortened to move the left leg forward faster for the
next heel strike, this results in more time being spent in stance. Both of these adaptations return to null
field levels during the after-effect trial.
As a result of the short stance phase for the right leg, there is a decrease in both the stride time
and the stride length. Assuming that the stance time of the left leg remains relatively constant, and
shortening of the left leg swing phase will result in a shorter stride time and an associated drop in the
stride time. Both of these metrics show clear after-effects following the removal of the AFO lock. The
Stride time and stride length both increase at the start of the after-effect trial and return gradually to null
field levels within 20 strides.
Figure 5.18A shows the clear increase in peak hip extension for the right leg at the start of the
adaptation trial. This is the result of an initial estimate of the adaptation required for dorsiflexed ankle
walking. It can be seen that this value drops as the subjects corrects for the apparent error in this initial
estimate. For the after-effect trial, there is no significant change in the hip extension levels though they
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Figure 5.17: Stride time (A), stride length (B) and stance percentage (C) kinematic data through
adaptation to AFO locked in dorsiflexed position. For each performance metric, the top plot is for the
right leg and the bottom plot is for the left leg. Each data point represents the average value for three
strides. The square data points are for the adaptation stage and the diamonds are for the after-effect
stage. The dashed horizontal line shows the null stage average performance. The units for the vertical
axes are seconds, meters and % for A, B and C respectively.
do remain higher than the null trial average level. The early toe-off time required by the dorsiflexed
ankle would appear to contradict the need for increased hip extension during push-off. However, the
transition from heel strike to flat foot is significantly affected by locking the ankle in dorsiflexion. The
ability to control this transition in a faster forward motion of the limb over the foot which leads to extra
hip extension. This should also lead to increased knee flexion and a drop in the hip height for the right
leg.
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Figure 5.18: Hip extension (A), hip flexion (B) and knee flexion (C) kinematic data through adaptation
to AFO locked in dorsiflexed position. For each performance metric, the top plot is for the right leg and
the bottom plot is for the left leg. Each data point represents the average value for three strides. The
square data points are for the adaptation stage and the diamonds are for the after-effect stage. The
dashed horizontal line shows the null stage average performance. The units for the vertical axes are
radians.
For the right leg, both hip flexion and knee flexion show increases throughout the adaptation
trial, but show no evidence of the after-effects resulting from the formation of an internal model. The
left leg shows slight increases for both of these angles as well, though the increases are present from the
beginning of the adaptation trial.
Figure 5.19A shows that there is a decrease in the hip height during swing for the right leg. This
decrease correlates well with increased hip flexion shown in Figure 5.18A. At the start of the adaptation
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Figure 5.19: Hip joint height during swing (A), hip joint height during stance (B) and peak toe clearance
(C) kinematic data through adaptation to AFO locked in dorsiflexed position. For each performance
metric, the top plot is for the right leg and the bottom plot is for the left leg. Each data point represents
the average value for three strides. The square data points are for the adaptation stage and the diamonds
are for the after-effect stage. The dashed horizontal line shows the null stage average performance. The
units for the vertical axes are meters.
trial, a clear after-effect and gradual return to null trial behaviour is seen. This is due to the subject
adjusting their performance to compensate for the heel to flat foot transition. Once the adaptations were
not required anymore, the modified behaviour results in an after-effect in the opposite direction of the
original task modification. There are no clear changes to the peak hip height during stance for either the
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right or left legs. However, both show after-effects when the ankle was unlocked. These changes are
most likely related to the increased swing phase hip increase for the right leg.
There were no significant changes in the toe clearance levels for the left leg. However, the peak
toe for the right leg had a significant decrease during the adaptation trial. The decrease of the toe
clearance corresponds with the swing phase hip joint height drop discussed previously. Intuitively, a
drop in hip height should lead to a decrease in toe clearance level. This is further supported by the
increase and gradual decrease of the toe clearance during the after-effect trial, which also happens with
the swing phase hip height.
In Figure 5.20, the only clear changes from the null trial behaviour occurs during the adaptation
trial and only for the right angle. This reflects the locked position of the ankle, since a dorsiflexed
position results in a positive joint angle orientation. The increased joint angle is immediately gone at the
start of the after-effect trial.

No Dorsiflexion
In this experimental condition, the AFO was set to limit the range of motion of the ankle but not
lock it in a single position. Specifically, the ankle was able to plantarflex but zero dorsiflexion was
permitted. Given that there was more ankle movement capability, it is expected that the effects of
adaptation will be less pronounced.
Figure 5.21 shows the results for the stride length, stride time and stance phase percentage when
no dorsiflexion of the ankle is permitted. Not having the ability to dorsiflex the ankle at heel strike
would lead to a shorter transition time to flat foot and have the result of reducing the stance ratio at the
start of the adaptation trial. This may have also been affected by the lack of dorsiflexion through
midstance that would have slowed the progression of the limb over the foot. The subject then adapts to
the change and gradually returns to the null trial performance. However, no clear after-effects can be
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Figure 5.20: Ankle angle at heel strike (A) and toe-off (B) kinematic data through adaptation to AFO
locked in dorsiflexed position. For each performance metric, the top plot is for the right leg and the
bottom plot is for the left leg. Each data point represents the average value for three strides. The square
data points are for the adaptation stage and the diamonds are for the after-effect stage. The dashed
horizontal line shows the null stage average performance. The units for the vertical axes are radians.

seen in the trial that followed. The stride length was increased at the start of the adaptation trial and then
decreased gradually. This change in performance also crated an after-effect in the following trial. This
is accompanied by a slight increase in the stride time at the start of the adaptation trial. There is also the
possibility of a slight after-effect at the very beginning of the after-effect trial in Figure 5.21A.
There is a very clear adaptation of the subject to a large increase in the hip extension adaptation
plot in Figure 5.22A. This adaptation also resulted in an after-effect in the following trial. There is also
a similar result for the left leg, which exhibits a clear after effect in the hip flexion plot. There is an
increase in the peak hip flexion levels throughout the entire adaptation trial that persists during the after
effect trial for the right leg. This accompanied by a similar, though smaller, decrease in the in the left
leg hip flexion level. However, both results appear to be quite small.
There is a clear significant increase in the knee flexion angle in the adaptation trial for the right
leg in Figure 5.22C. Additionally, there appears to be an after-effect resulting in even larger knee angles
at the start of the after-effect trial that decreases to the level of knee flexion seen in the adaptation trial
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Figure 5.21: Stride time (A), stride length (B) and stance percentage (C) kinematic data through
adaptation to AFO not allowing dorsiflexion. For each performance metric, the top plot is for the right
leg and the bottom plot is for the left leg. Each data point represents the average value for three strides.
The square data points are for the adaptation stage and the diamonds are for the after-effect stage. The
dashed horizontal line shows the null stage average performance. The units for the vertical axes are
seconds, meters and % for A, B and C respectively.
The inability to dorsiflex the foot leads to a greater possibility of toe drag during swing. An increase in
knee flexion has the result of lifting the foot higher to prevent such dragging. This may also be the
reason for the increased right leg hip flexion seen in Figure 5.22B.
In similar manner, the hip joint height during the right leg swing phase increases to prevent the
toes from contacting the floor in Figure 5.23A. This effect persists through the after-effect trial as well.
Both the right and left legs exhibit an increase in the hip height during the stance phase. This may be the
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Figure 5.22: Hip extension (A), hip flexion (B) and knee flexion (C) kinematic data through adaptation
to AFO not allowing dorsiflexion. For each performance metric, the top plot is for the right leg and the
bottom plot is for the left leg. Each data point represents the average value for three strides. The square
data points are for the adaptation stage and the diamonds are for the after-effect stage. The dashed
horizontal line shows the null stage average performance. The units for the vertical axes are radians.
result of the reduced dorsiflexion of the ankle leading to a tip-toe motion near the end of the right leg
stride. This adaptation occurs to allow progression of the limb over the foot when dorsiflexion is not
possible. The subject shows an adaptation to this height change through the adaptation trial. The peak
toe clearance shows a similar pattern to the trial in Figure 5.15C for the plantarflexed lock on the AFO.
The initial increase appears to be due to the subject predicting that toe clearance will be more difficult
and the correction of an over-estimate throughout the adaptation trial.
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Figure 5.23: Hip joint height during swing (A), hip joint height during stance (B) and peak toe clearance
(C) kinematic data through adaptation to AFO not allowing dorsiflexion. For each performance metric,
the top plot is for the right leg and the bottom plot is for the left leg. Each data point represents the
average value for three strides. The square data points are for the adaptation stage and the diamonds are
for the after-effect stage. The dashed horizontal line shows the null stage average performance. The
units for the vertical axes are meters.
Figure 5.24 shows the behaviour of the ankle joint at heel strike and toe off when the foot in
unable to plantarflex. The right leg ankle shows a clear decrease in the plantarflexion direction during
heel strike compared to the null trial performance since the foot is not able to move into a positive
rotation. The subject adapts to this situation and shows an after-effect that decreases during the aftereffect trial. At toe-off there is a slight increase in the ankle ankle at the start of the adaptation trial that is
quickly decreased during the adaptation process. The reason for this decrease is not readily apparent
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Figure 5.24: Ankle angle at heel strike (A) and toe-off (B) kinematic data through adaptation to AFO
not allowing dorsiflexion. For each performance metric, the top plot is for the right leg and the bottom
plot is for the left leg. Each data point represents the average value for three strides. The square data
points are for the adaptation stage and the diamonds are for the after-effect stage. The dashed horizontal
line shows the null stage average performance. The units for the vertical axes are radians.

No Plantarflexion
In this experimental condition the foot is not able to plantarflex while still being able to
dorsiflex. Both the stride length and stride time show initial significant increases at the beginning of the
adaptation stage as seen in Figures 5.25A-B. In both cases these decrease, though not down to the null
trial levels. The stance phase percentage decreases for both the right and left legs as shown in Figure
5.25C. The inability to plantar flex should lead to an earlier toe off time as the amount of ankle motion
will be restricted during the push-off stage. This would have the effect of reducing the stance phase
length. Also, in a similar manner to the locked dorsiflexion trial, the initial heel contact does not cause
plantarflexion of the foot and as a result the transition from heel strike to foot flat is affected.
In Figure 5.26A, the hip extension of the right leg is increased during the adaptation trials and a
clear after-effect of adaptation can be seen at the start of the next trial. The inability to plantarflex the
foot prevents the full range of motion of the foot during push-off, which is the moment of peak hip
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Figure 5.25: Stride time (A), stride length (B) and stance percentage (C) kinematic data through
adaptation to AFO not allowing plantarflexion. For each performance metric, the top plot is for the right
leg and the bottom plot is for the left leg. Each data point represents the average value for three strides.
The square data points are for the adaptation stage and the diamonds are for the after-effect stage. The
dashed horizontal line shows the null stage average performance. The units for the vertical axes are
seconds, meters and % for A, B and C respectively.
extension. There is an increase in right leg hip flexion seen for both the adaption and after-effect trials
and a decrease in hip flexion for the left leg.

The increase in hip flexion/extension and the

corresponding increase in the stride length may be due to the shortening of the right leg stride percentage
and therefore the shortening of the left leg swing time. This requires faster hip motion to move the
swing leg forward for heel strike. As a result the flexion of the left leg hip and the extension of the right
leg hip would exhibit increases associated with increased stride length and stride time.
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Figure 5.26: Hip extension (A), hip flexion (B) and knee flexion (C) kinematic data through adaptation
to AFO not allowing plantarflexion. For each performance metric, the top plot is for the right leg and
the bottom plot is for the left leg. Each data point represents the average value for three strides. The
square data points are for the adaptation stage and the diamonds are for the after-effect stage. The
dashed horizontal line shows the null stage average performance. The units for the vertical axes are
radians.

The left leg knee flexion shows an initial decrease and subsequently increases through the
adaptation trial, though with no evidence of after-effects. The right leg exhibits a very significant
increase in knee flexion throughout both trials. This, along with the large increase in the hip flexion
angle, leads to the conclusion that the subject may have been exhibiting steppage gait, though the reason
for this is not initially apparent.
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In Figure 5.27, the swing phase hip heights for both the left and right side show no significant
change during the adaptation trial.

This continues into the after-effect trial for the left leg, but there is

an increase in height for the right leg during the after-effect trial.

This may be the result of

compensation for the newly unlocked plantarflexion in order to prevent toe dragging. There are slight
increases in the stance phase hip heights for both hip joints. The peak toe clearance shows a very large
decrease during the adaptation trials and a significant after-effect in the following trial. Not allowing
dorsiflexion would initially make toe clearance easier and this the peak toe swing phase height would be
higher at the start of the adaptation. But as the subject adapted, they were able to reduce this height.
Figure 5.28 shows the adaptation results for the ankle angles at heel strike and toe off times. The
ankle of the right leg shows a decrease in the angle of the ankle at heel strike which should not be
possible with the AFO not allowing plantarflexion. This is particularly evident with the joint angle
actually going to negative (plantarflexion) values. The reason for this issue is not identifiable and may
be the result of measurement error or with the AFO design itself.

Different Tread Speeds
This final adaptation a experiment was the one for which the most significant gait changes and
adaptations would occur. This is because walking at two different tread speeds is a very novel and
unpredictable task for people who have not done it before. This is apparent in the fact that several
subjects stumbled slightly during their initial steps both the adaptation and after-effect trials. Also, for
this particular gait modification, the subjects said they subjectively felt the most extreme changes in their
walking and that they were able to “feel” the result of their learning during the start of the after-effect
trial. For example, all subjects felt that the left tread was moving faster during the after-effect trial even
though the treads were moving at the same speed. During this experiment subjects appeared to exhibit
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Figure 5.27: Hip joint height during swing (A), hip joint height during stance (B) and peak toe clearance
(C) kinematic data through adaptation to AFO not allowing plantarflexion. For each performance
metric, the top plot is for the right leg and the bottom plot is for the left leg. Each data point represents
the average value for three strides. The square data points are for the adaptation stage and the diamonds
are for the after-effect stage. The dashed horizontal line shows the null stage average performance. The
units for the vertical axes are meters.
an artificial “limp” as the result of the right tread moving faster. The limp subjectively appeared to be
reversed for the start of the after-effect trial.
Figure 5.29 shows the results for the stride length, stride time and stance phase percentage.
Both stride length and stride time show significant decreases at the start of the adaptation process and
both increase throughout the adaptation trial. The initial decrease most likely is the result of the
uncertainty of the tasks reducing stride length and time. As the subject became more comfortable they
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Figure 5.28: Ankle angle at heel strike (A) and toe-off (B) kinematic data through adaptation to AFO l
not allowing plantarflexion. For each performance metric, the top plot is for the right leg and the bottom
plot is for the left leg. Each data point represents the average value for three strides. The square data
points are for the adaptation stage and the diamonds are for the after-effect stage. The dashed horizontal
line shows the null stage average performance. The units for the vertical axes are radians.
were able to return to a longer stride closer in length to the null trial performance. In both of these cases,
there was also a decrease in the metrics at the start of the after-effect trial. Though this decrease took
place after a short (three or less strides) increase. This initial increase was most likely due to the subject
stumbling and the sudden decrease after this point is the subject compensating for the uncertainty of the
gait task. There is a very clear asymmetry in the stance phase timing for the adaptation trial in Figure
5.29C. The stance percentage for the right leg dropped significantly and the stance percentage increased
for the slower tread. During the after effect trial, both legs show stance percentages in the opposite
change direction as the adaptation stage percentages, however to a much smaller degree.
Figure 5.30 also shows clear asymmetry during the adaptation process. The hip extension for the
right leg is greatly increased for the right leg and decreased for the left leg. The right leg, being pulled
back faster by the treadmill, is forced to extend the hip to a greater degree. The left tread does not
extend as much since it is moving slower. Basically, each leg exhibits changes characteristic of their
respective changes in speed. The adaptation to this task is clearly evidenced by the after-effect present
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Figure 5.29: Stride time (A), stride length (B) and stance percentage (C) kinematic data through
adaptation to treads moving at different speeds. For each performance metric, the top plot is for the right
leg and the bottom plot is for the left leg. Each data point represents the average value for three strides.
The square data points are for the adaptation stage and the diamonds are for the after-effect stage. The
dashed horizontal line shows the null stage average performance. The units for the vertical axes are
seconds, meters and % for A, B and C respectively.
in the hip extension data. For both the right and left legs, the after-effects are in the opposite direction of
the task modification and they decreased gradually as the effects of the internal model are washed-out.
During the adaptation trial, the right leg shows a decrease in the hip flexion level that gradually
returns close to the null trial behaviour. The transition from walking on the slower tread to walking on
the faster tread means that the swing leg is moving forward at a rate similar to the backwards motion of
the slow-moving stance leg. Therefore, when the heel strike occurs, there is not as much opportunity for
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Figure 5.30: Hip extension (A), hip flexion (B) and knee flexion (C) kinematic data through adaptation
to treads moving at different speeds. For each performance metric, the top plot is for the right leg and
the bottom plot is for the left leg. Each data point represents the average value for three strides. The
square data points are for the adaptation stage and the diamonds are for the after-effect stage. The
dashed horizontal line shows the null stage average performance. The units for the vertical axes are
radians.

the swing leg to flex forward. The reverse case holds for the fast-to-slow tread transition. The subjects
then learn to adjust the flexion level of the legs for the transition times reducing the error. This
adaptation is evidenced by the significant presence of after-effects, particularly for the left leg.
The knee flexion results also show clear changes due to the tread speed modifications. The left
leg exhibits less flexion and the right leg exhibits more flexion. Again, these changes correlate with the
respective speed change adaptations similar to those seen in Experiment #1.
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In Figure 5.31A, there doesn't appear to be any significant change to the swing phase hip heights
of either leg during the adaptation trial. However, when the treads were returned to the same speed for
the after-effect trial, the subject shows a large decrease (up to 3 cm) in the swing phase height of both
hips. A similar pattern occurs with the stance phase hip height. Therefore, there is a general decrease in
the height of the pelvis COM during the after-effect trial. From this, it is clear that the subject adapts to
the change in tread speeds and the after-effects of the internal model formation are so significant, the
subject has drastic changes in performance even when there were no apparent changes during the
adaptation itself. The peak toe clearance values seen in this experimental condition show little change
for the left leg but a large change in the right leg for the adaptation trial. The increase in speed results in
an increase in the toe clearance level to prevent toe drag.
Figure 5.32 shows the results for the ankle angles at heel strike and toe off. During the
adaptation trial, the right leg exhibits greater levels of plantarflexion during the toe-off time. This is the
result of the tread pulling the foot back at a faster rate and the need to generate more push-off force to
Move the leg forward in the swing phase. The opposite condition occurs for the left leg since the left
tread is moving slower. However, in both cases the lack of clear after-effects implies less adaptation to
this particular performance metric. At heel strike, the right leg ankle dorsiflexes more throughout the
adaptation but with little in the way of after-effects.
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Figure 5.31: Hip joint height during swing (A), hip joint height during stance (B) and peak toe clearance
(C) kinematic data through adaptation to treads moving at different speeds. For each performance
metric, the top plot is for the right leg and the bottom plot is for the left leg. Each data point represents
the average value for three strides. The square data points are for the adaptation stage and the diamonds
are for the after-effect stage. The dashed horizontal line shows the null stage average performance. The
units for the vertical axes are meters.

5.2.2

Inverse Dynamic Analysis

Locked in Plantarflexion
The joint moments results from the inverse dynamics analysis for the locked in plantarflexion
experimental condition are shown in Figures 5.33-5. Each of these figures gives the results for the right
leg, the left leg and the pelvis respectively. For each plot, the plot on the top (A) shows the adaptation
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Figure 5.32: Ankle angle at heel strike (A) and toe-off (B) kinematic data through adaptation to treads
moving at different speeds. For each performance metric, the top plot is for the right leg and the bottom
plot is for the left leg. Each data point represents the average value for three strides. The square data
points are for the adaptation stage and the diamonds are for the after-effect stage. The dashed horizontal
line shows the null stage average performance. The units for the vertical axes are radians.
stage joint moments and the plot on the bottom shows the after-effects stage moments. Each of the
subplots shows the null-field average as a solid line, the average of the first five strides of the trial as a
dashed line and the average of the last five strides of the trial as a dotted line.
Within these inverse dynamics results, there is clear evidence of adaptation. There is additional
stance knee flexion at the start of the adaptation trial that drops by the end of the adaptation trial (Figure
5.33A). This decrease in moments demonstrates that the subject is learns to adapt to the modification
locking the foot in a plantarflexed position. This is supported further by the after-effect seen in the
following trial (Figure 5.33B). At the beginning of the after-effect trial, there is an extra right knee
extension moment during the stance phase. The fact that this change is of similar magnitude and in the
opposite direction as the initial change in the adaptation trial is evidence that the adaptation was the
result of the creation of an internal model.

This after-effect moment then gradually decreases

demonstrating the unlearning of the gait task modification. This sequence of changes is analogous to the
classic adaptation/after-effect paradigm seen in past adaptation research.
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Figure 5.33: Right leg joint moments for locked in plantarflexion experimental condition. The top plot
(A) shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect trial joint
moments. Each subplot shows results for the hip, knee and ankle (top to bottom). For each trial, the plot
shows the null trial performance as a solid line, the average result for the first five strides as a dashed
line and the average of the last five strides as a dotted line. The horizontal axes give gait cycle
percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).

79

A

B
Figure 5.34: Left leg joint moments for locked in plantarflexion experimental condition. The top plot
(A) shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect trial joint
moments. Each subplot shows results for the hip, knee and ankle (top to bottom). For each trial, the plot
shows the null trial performance as a solid line, the average result for the first five strides as a dashed
line and the average of the last five strides as a dotted line. The horizontal axes give gait cycle
percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).
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Figure 5.35: Pelvis moments for locked in plantarflexion experimental condition. The top plot (A)
shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect trial joint
moments. Each subplot shows results for the X, Y and Z rotations (top to bottom). For each trial, the
plot shows the null trial performance as a solid line, the average result for the first five strides as a
dashed line and the average of the last five strides as a dotted line. The horizontal axes give gait cycle
percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).
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The effect of the AFO on the ankle moment can also be seen in the inverse dynamics of the right
leg in Figure 5.33. There is an extra plantarflexion moment during the right stance phase. Therefore, it
can be seen that the moments generated by the AFO locking mechanism appear in the net joint moments
of the inverse dynamics results. So, care must be taken when considering with which moments the
subject is controlling their motion and which moments are from other sources such as the AFO.
Early in the adaptation trial, there is a positive change in the Y-moment and a negative change in
the X-moment (Figure 5.35A). By the end of the adaptation trial, these changes have decreased back to
normal levels. This adaptation causes the opposite direction after-effect seen in the following trial
(Figure 5.35B). The extra positive moment of the Y-moment appears to be for advancing the right hip
faster and the negative change in the X-moment raises the right hip higher during the right leg swing
phase. Both of these actions are required to allow adequate toe clearance and forward progression with
when the toes of the right foot are locked in a plantarflexed position.

Locked in Dorsiflexion
The inverse dynamics results giving the joint moments resulting from locking the ankle in a
dorsiflexed position are given in Figures 5.36-38.

Evidence of adaptation due to internal model

formation is seen in the extra stance phase right knee extension during the adaptation trial and the
corresponding extra knee extension at the start of the after-effect trial. This after-effect then decreases
throughout the after-effect trial showing the unlearning of the internal model.
The presence of the AFO on the right foot is apparent in the extra dorsiflexion moment seen for
the right ankle during the stance phase. As a result of having the AFO apply this dorsiflexion moment,
the subject adapted and altered the moments that it generated to control the ankle motion. This is
apparent in the right ankle plantarflexion after-effect during the stance phase of the after-effect trial.
On the left side, there is significant extra ankle plantarflexion and knee flexion during the early
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Figure 5.36: Right leg joint moments for locked in dorsiflexion experimental condition. The top plot (A)
shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect trial joint
moments. Each subplot shows results for the hip, knee and ankle (top to bottom). For each trial, the plot
shows the null trial performance as a solid line, the average result for the first five strides as a dashed
line and the average of the last five strides as a dotted line. The horizontal axes give gait cycle
percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).
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Figure 5.37: Left leg joint moments for locked in dorsiflexion experimental condition. The top plot (A)
shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect trial joint
moments. Each subplot shows results for the hip, knee and ankle (top to bottom). For each trial, the plot
shows the null trial performance as a solid line, the average result for the first five strides as a dashed
line and the average of the last five strides as a dotted line. The horizontal axes give gait cycle
percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).
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Figure 5.38: Pelvis moments for locked in dorsiflexion experimental condition. The top plot (A) shows
the adaptation trial joint moments and the bottom plot (B) shows the after-effect trial joint moments.
Each subplot shows results for the X, Y and Z rotations (top to bottom). For each trial, the plot shows
the null trial performance as a solid line, the average result for the first five strides as a dashed line and
the average of the last five strides as a dotted line. The horizontal axes give gait cycle percentage and the
vertical axes are the moments in Nm/kg (normalized by subject mass).
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strides of both the adaptation and after-effect trials. For the adaptation trials, the ankle plantarflexion
moment becomes an extra dorsiflexion moment by the final strides of the trial. The knee flexion
moment also changes direction by the end of the adaptation trial. This change shows an adaptation to
the AFO being locked. The extra moments seen in the ankle and knee at the start of the after-effect trial
further support this idea. Unlike the plantarflexion case, there are no clear patterns of adaptation seen in
the pelvis moments for the dorsiflexion experiment (Figure 5.38).

No Dorsiflexion
For the AFO experiments, the most dramatic results were expected for the cases where the ankle
was locked in either a plantarflexed or dorsiflexed position. Since the other experimental conditions
allowed a given amount of ankle rotation, any results would not be as significant. This is indeed the
case with the results for the experiment where there was no dorsiflexion allowed (Figures 5.39-41).
While there are ankle moment changes associated with the AFO itself, there are no significant changes
apparent in the hip moments for either leg. There are increases in right knee flexion for the early strides
of both the adaptation and after-effect trials that returns to normal or even to knee extension by the end
of the respective trials.
For the left leg (Figure 5.40), there is an increase in knee flexion during the stance phase of the
first strides of the adaptation trial. This becomes extra knee flexion by the end of the adaptation trial and
an after-effect is seen at the start of the after-effect trial. There is a general decrease in the pelvis Xmoment at the start of the adaptation trial that returns to the null trial behaviour by the end of the trial.
This correlates with an increase in the X-moment of the pelvis at the start of the after-effect trial. A
decrease in the X-moment of the pelvis would lead to an increase in the moment lifting the right hip
during the swing phase, which may help with toe clearance since the foot is unable to dorsiflex in this
case.
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Figure 5.39: Right leg joint moments for the plantarflexion without dorsiflexion experimental condition.
The top plot (A) shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect
trial joint moments. Each subplot shows results for the hip, knee and ankle (top to bottom). For each
trial, the plot shows the null trial performance as a solid line, the average result for the first five strides
as a dashed line and the average of the last five strides as a dotted line. The horizontal axes give gait
cycle percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).
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Figure 5.40: Left leg joint moments for the plantarflexion without dorsiflexion experimental condition.
The top plot (A) shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect
trial joint moments. Each subplot shows results for the hip, knee and ankle (top to bottom). For each
trial, the plot shows the null trial performance as a solid line, the average result for the first five strides
as a dashed line and the average of the last five strides as a dotted line. The horizontal axes give gait
cycle percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).
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Figure 5.41: Pelvis moments for the plantarflexion without dorsiflexion experimental condition. The top
plot (A) shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect trial
joint moments. Each subplot shows results for the X, Y and Z rotations (top to bottom). For each trial,
the plot shows the null trial performance as a solid line, the average result for the first five strides as a
dashed line and the average of the last five strides as a dotted line. The horizontal axes give gait cycle
percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).
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No Plantarflexion
For the inverse dynamics results for the experimental condition allowing dorsiflexion with no
plantarflexion (Figures 5.42-44), there are no significant changes in the behaviour of the hips for either
leg and also no clear pattern of changes in the moments for the pelvis. There is however, an increase in
right knee stance phase extension moments during the adaptation trial with an associated flexion aftereffect in the following trial. There are also stance phase knee extension moment increases for the left
leg during both the adaptation and after-effect trials. Aside from the knee moment changes, there are
few significant changes occurring for this particular experimental condition.

Different Tread Speeds
The results for the different tread speed experiment are presented in Figures 5.45-47. For the
right leg, most of the changes during the adaptation trial are purely timing changes resulting from the
asymmetry introduced by the different tread speeds. During the after-effect trial, both the right ankle
and the right knee exhibit significant changes in their stance phase behaviour. The ankle shows an
increase in dorsiflexion moments and the knee exhibits very significant knee extension moment
increases. These significant changes occur as a result of the formation of an internal model of the tread
speed task by the central nervous system. This model formation was also apparent in the subjective
responses of the subjects after the experiment. All subjects stated that, at the start of the after-effect
trial, they felt like the the left tread was going faster than the right tread, when they were in fact going at
the same speed. This perception caused the subjects to generate extra compensatory torques when non
were required.
For the left leg, there were significant increases in the ankle dorsiflexion moment and the knee
extension moment leading up to toe-off during the adaptation trial.

During the after-effect trial,

significant changes before toe-off were in the opposite direction and provide evidence for the formation
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Figure 5.42: Right leg joint moments for the dorsiflexion without plantarflexion experimental condition.
The top plot (A) shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect
trial joint moments. Each subplot shows results for the hip, knee and ankle (top to bottom). For each
trial, the plot shows the null trial performance as a solid line, the average result for the first five strides
as a dashed line and the average of the last five strides as a dotted line. The horizontal axes give gait
cycle percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).
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Figure 5.43: Left leg joint moments for the dorsiflexion without plantarflexion experimental condition.
The top plot (A) shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect
trial joint moments. Each subplot shows results for the hip, knee and ankle (top to bottom). For each
trial, the plot shows the null trial performance as a solid line, the average result for the first five strides
as a dashed line and the average of the last five strides as a dotted line. The horizontal axes give gait
cycle percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).
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Figure 5.44: Pelvis moments for the dorsiflexion without plantarflexion experimental condition. The top
plot (A) shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect trial
joint moments. Each subplot shows results for the X, Y and Z rotations (top to bottom). For each trial,
the plot shows the null trial performance as a solid line, the average result for the first five strides as a
dashed line and the average of the last five strides as a dotted line. The horizontal axes give gait cycle
percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).
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Figure 5.45: Right leg joint moments for the different tread speeds experimental condition. The top plot
(A) shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect trial joint
moments. Each subplot shows results for the hip, knee and ankle (top to bottom). For each trial, the plot
shows the null trial performance as a solid line, the average result for the first five strides as a dashed
line and the average of the last five strides as a dotted line. The horizontal axes give gait cycle
percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).
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Figure 5.46: Left leg joint moments for the different tread speeds experimental condition. The top plot
(A) shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect trial joint
moments. Each subplot shows results for the hip, knee and ankle (top to bottom). For each trial, the plot
shows the null trial performance as a solid line, the average result for the first five strides as a dashed
line and the average of the last five strides as a dotted line. The horizontal axes give gait cycle
percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).
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Figure 5.47: Pelvis moments for the different tread speeds experimental condition. The top plot (A)
shows the adaptation trial joint moments and the bottom plot (B) shows the after-effect trial joint
moments. Each subplot shows results for the X, Y and Z rotations (top to bottom). For each trial, the
plot shows the null trial performance as a solid line, the average result for the first five strides as a
dashed line and the average of the last five strides as a dotted line. The horizontal axes give gait cycle
percentage and the vertical axes are the moments in Nm/kg (normalized by subject mass).
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of an internal model.
At the start of the right swing phase during the adaptation trial, there are significant changes in
the Y- and Z-moments of the pelvis. The Y-moment shows a large increase in moment starting from the
left heel strike and into the early right leg swing phase. The Z-moment shows a large decrease heading
into the left heel strike and for the early right swing phase. A larger Y-moment on the pelvis generally
leads towards a faster forward progression of the right hip. This moment is needed since the right leg is
moving at a higher stride rate during the adaptation trial and the right hip and leg need to move faster
during the upcoming swing phase. A more negative moment about the pelvis Z-axis is generally
associated with tilting the pelvis forward. This is most likely required to maintain the balance of the
torso and to support the transition from the fast tread to the slow tread. Both the Y- and Z-moment
changes have associated after-effects visible in the results for the next trial.
Overall, the changes seen during the different tread speed experiment were among the most
significant out of all the experiments. This is due to the fact that such a task is the most unlike regular
everyday walking and therefore it affords the most potential for learning and for the more significant
deviations from the null trial behaviour.

5.3

Experiment #3

5.3.1

Kinematics Analysis

Patient #1
In order to a compare the performance of the patients with that of the healthy non-impaired
subjects from Experiment #1, the same data analysis was performed. Figures 5.48-49 show the average
joint angle trajectories for the right and left legs of the first patient respectively. The orientation of the
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Figure 5.48: Patient #1 right leg joint angle trajectories. Top - Hip joint angle. Middle – Knee joint
angle. Bottom – Ankle joint angle The dark solid line is for the mean and the dashed line represents the
standard deviation. The horizontal time axis represents gait cycle percentage and all angles are in
radians.
patient's HAT segment and the location of the pelvis COM are shown in Figure 5.50. Finally, the Euler
angles describing the patient's pelvis orientation are presented in Figure 5.51. Additionally, the gait
performance metrics analyzed for the previous experiments were determined for this patient and are
given in Table 5.2.
While processing the experimental data for the first patient, it was discovered that there was an
error during the data collection that resulted in the force data not being properly synchronized with the
kinematic data. As a result, the GRF data for this subject cannot be presented. Additionally, this means
that the inverse dynamics analysis was not performed for this patient. Additionally, GRF data was not
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Figure 5.49: Patient #1 left leg joint angle trajectories. Top - Hip joint angle. Middle – Knee joint
angle. Bottom – Ankle joint angle The dark solid line is for the mean and the dashed line represents the
standard deviation. The horizontal time axis represents gait cycle percentage and all angles are in
radians.
used to determine the heel strike and toe off times for this patient. Instead, these values were found
using the segment orientation data for the feet of the subject. In particular, the foot orientation reaches a
maximum near the heel strike times and a minimum near the toe-off times. These values are an
approximation to the actual heel strike and toe-off times as the actual ground contact timing cannot be
extracted using force data.
The right leg joint angle data from Figure 5.48 show a stance phase that is significantly longer
than that of healthy subjects. This is further supported by the stance percentage reported in Table 5.2.
Also, the stance phase time for the left leg is longer than that of healthy patients as well, though
significantly shorter than the non-impaired stance percentage. This most likely is due to the slow speed
99

Figure 5.50: Patient #1 HAT segment angle and COM location of the pelvis. Top - Anterior-posterior
pelvis COM location. Middle – Pelvis COM height. Bottom – Torso orientation about the X-axis
measured from the Y-axis. The dark solid line is for the mean and the dashed line represents the
standard deviation. The horizontal time axis represents gait cycle percentage. The COM location values
are in meters and the torso angle is in radians.
at which the patient is walking. Also, longer stance phases on both sides implies that the patient was
spending extra time in the double support phase and maintaining ground contact with both feet. By
doing so, the subject is able to have improved balance control. The longer stance phase is also evident
in the differences between the healthy and patient right leg joint angle trajectories. The primary change
is that the first half of the patient's trajectories appear to be stretched versions of the healthy subjects'
patterns.
The higher pelvis COM seen in Figure 5.50 during the right leg stance phase, when compared to
the peak in the second half of the gait cycle, suggests that a vaulting gait compensation may be present

100

Figure 5.51: Patient #1 pelvis orientation Euler angles. Top - X-axis Euler angle. Middle – Y-axis Euler
angle. Bottom – Z-axis Euler angle. The dark solid line is for the mean and the dashed line represents
the standard deviation. The horizontal time axis represents gait cycle percentage and all angles are in
radians.
For this patient. By having a higher pelvis in general, there is more potential for toe clearance during
the left leg swing phase.
Normative gait data corresponding to the anthropometric measurements of this patient at the selfselected walking speed (0.35 m/s) was not available for an accurate statistical comparison with the
patient data in this work. However, a general comparison of the results in Table 5.2 with the results in
Table 5.1 show increases in stride time and stance percentage compared to the healthy controls. There is
also a decrease in stride length and in peak knee flexion. All of these changes correlate with the typical
expected results of changes in the speed of walking. This also the case for the general decrease seen in
the peak toe clearance level for this patient. When compared with the locked plantarflexion adaptation
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Table 5.2: Average (± std dev) performance metric values for Patient #1.

Trial

Right Leg

Left Leg

Stride Time

1.90±.092

1.90±.122

Stance %

81.7±1.61

71.6±2.76

Stride Length

.66±.051

.67±.048

Knee Flexion

.90±.028

.47±.046

Hip Extension

.25±.018

.18±.048

Hip Flexion

.25±.023

.35±.027

Ankle Toe Off

-.36±.071

-.06±.015

Ankle Heel Strike

-.14±.016

-.18±.024

Toe Clearance

.039±.004

.026±.003

Hip Height Stance

.92±.002

.93±.004

Hip Height Swing

.93±.003

.94±.003

performance metric plots in Figures 5.13-16, the stance percentage increase and the peak toe clearance
decrease are the only metrics that match that adaptation stage. When compared with the dorsiflexion
locked AFO adaptation changes in performance metrics in Figures 5.17-20, the stride length and peak
toe clearance decreases match the patient data.
When the patient's hip height during stance and swing data are compared with the same
performance metrics during the plantarflexion and dorsiflexion locked AFO experiments, the
plantarflexion experiment more closely matches the results for the patient.

Both the patient and

adaptation subjects show higher hip heights on the impaired side for both the stance and swing phases.
These results tend to suggest that the plantarflexion experiment more closely matches the performance
for this patient.

Patient #2
Figures 5.52-55 show the kinematic data for the second patient. This data corresponds to the
same kinematic data collected for the other patient and for the healthy subjects from Experiment #1. For
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Figure 5.52: Patient #2 right leg joint angle trajectories. Top - Hip joint angle. Middle – Knee joint
angle. Bottom – Ankle joint angle The dark solid line is for the mean and the dashed line represents the
standard deviation. The horizontal time axis represents gait cycle percentage and all angles are in
radians.
this patient the left leg is the impaired leg exhibiting drop foot symptoms. The hip angle results from
Figure 5.52 show that the subject has a delayed hip extension peak for the right leg when compared with
the trajectories presented in Figure 5.1. This corresponds to a delayed toe off time and a shortened
swing phase. Since the patient exhibits weakness in the impaired leg, the faster swing phase on the nonimpaired side allows for a shortened stance phase on the weaker impaired leg. This change in the
stance/swing ratio is the most prominent feature of the joint angle trajectories on the non-impaired leg.
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Figure 5.53: Patient #2 left leg joint angle trajectories. Top - Hip joint angle. Middle – Knee joint
angle. Bottom – Ankle joint angle The dark solid line is for the mean and the dashed line represents the
standard deviation. The horizontal time axis represents gait cycle percentage and all angles are in
radians.
Additionally, the gait performance metrics analyzed for the previous experiments were
determined for this patient and are given in Table 5.3. The shorter stride length, longer stride time and
larger stance percentage compared to the healthy subjects are inline with subjects walking at slower
speeds in general. Additionally, the longer stance percentage for the non-impaired leg is consistent with
the patient spending a larger portion of their time supporting their weight with their non-impaired leg.
The patient also exhibits lower toe clearance levels on the drop foot impaired leg, which is consistent
with the nature of the impairment as is to be expected. The lower knee flexion exhibited on the impaired
leg supports the general medical history of the patient and the clear evidence of vaulting exhibit in their
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Figure 5.54: Patient #2 HAT segment angle and COM location of the pelvis. Top - Anterior-posterior
pelvis COM location. Middle – Pelvis COM height. Bottom – Torso orientation about the X-axis
measured from the Y-axis. The dark solid line is for the mean and the dashed line represents the
standard deviation. The horizontal time axis represents gait cycle percentage. The COM location values
are in meters and the torso angle is in radians.

gait. Less knee flexion implies possible weakness in the knee flexor muscles on the impaired side and
such a weakness would promote compensation movements that could support a straighter knee.
Overall these kinematic results show similar patterns as those of the first patient. This is
particularly evident when the performance metrics from Table 5.3 are compared with the adaptation
experiment results and the results in Table 5.2. This similarity is to be expected since both patients
exhibit similar ankle impairments. Overall, for both patients, the comparison with healthy subject and
adaptation performance metrics support the use of vaulting gait compensation as no apparent changes
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Figure 5.55: Patient #2 pelvis orientation Euler angles. Top - X-axis Euler angle. Middle – Y-axis Euler
angle. Bottom – Z-axis Euler angle. The dark solid line is for the mean and the dashed line represents
the standard deviation. The horizontal time axis represents gait cycle percentage and all angles are in
radians.
resulting from steppage gait were seen with the patients.
For Patient #2, Figure 5.56 shows the GRF values for the right leg and Figure 5.57 presents the
GRF plots for the left leg. The GRF data for the right leg (the non-affected limb) show a prolonged
stance phase in the range of 75% of the gait cycle. Also, the right foot GRF does not feature the typical
dual-peak force profile for healthy subjects. Instead, the force profile plateaus due to the slower transfer
of weight over to the left foot and due to the slower walking speed of the patient (0.58 m/s). This is in
agreement with the lower force valley during stance at slower speeds seen in the Experiment #1.
106

The peak force values appear to have similar ranges to those for the healthy subjects in
Experiment #1. The initial spike in the right foot force profile is significantly higher for the patient than
for the healthy subjects. This is most likely related to the limping gait imposed by the impairment
causing a faster transition to right heel strike to shorten the left leg stance time. The shorter stance
phase for the left leg is apparent in the GRF data in Figure 5.57.
The major distinction between the healthy and impaired gait is evident in the late stance phase
force profile for the left leg. The lack of a positive force at this point demonstrates the patient's
impaired ability to generate push-off force during toe-off. This is caused by the inability to generate
significant torques about the ankle and the early lifting of the left foot to prematurely terminate the
stance phase.

Table 5.3: Average (± std dev) performance metric values for Patient #2.

Trial

Right Leg

Left Leg

Stride Time

1.67±.060

1.67±.060

Stance %

77.8±2.04

68.7±2.74

Stride Length

0.97±.047

0.97±.036

Knee Flexion

0.83±.029

0.65±.042

Hip Extension

0.36±.025

0.38±.02

Hip Flexion

0.26±.017

0.27±.03

Ankle Toe Off

-0.31±.054

-0.14±.037

Ankle Heel Strike

-0.062±.033

-0.13±.031

Toe Clearance

.027±.005

.012±.009

Hip Height Stance

.976±.002

.964±.002

Hip Height Swing

.985±.003

.975±.002
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Figure 5.56: Average GRF values acting on the right foot of Patient #2. Top – Anterior posterior force.
Bottom – Vertical force. The dark solid line is for the natural walking speed, the dashed line for the
slow speed and the dotted line for the fast speed. The horizontal axis is the gait cycle percentage and the
force values are in Newtons.

5.3.2

Inverse Dynamics Analysis
As the result of the GRF synchronization problem for Patient #1, the inverse dynamics analysis

was performed for Patient #2 only. Figures 5.58-60 show the right leg, left leg and pelvis moment
results respectively. Each plot shows the average +/- the standard deviation of the joints moments. The
moment values have been normalized with respect to subject mass.
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Figure 5.57: Average GRF values acting on the left foot of Patient #2. Top – Anterior posterior force.
Bottom – Vertical force. The dark solid line is for the natural walking speed, the dashed line for the
slow speed and the dotted line for the fast speed. The horizontal axis is the gait cycle percentage and the
force values are in Newtons.
The right leg moments in Figure 5.58 exhibit the expected prolonged stance phase when
compared with the natural walking speed of the healthy subjects in Experiment #1. This prolonged
stance phase is the primary difference with the healthy subjects, though there is an apparent faster
transition from the peak hip moment. This transition may be due to the faster swing phase transition.
The moments for the impaired left leg are significantly different from those of the healthy
subjects from Experiment #1. Of particular note is the lower amount of knee extension following left
heel strike. Also, throughout the right stance phase, the X-axis pelvis moment has significantly more
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Figure 5.58: Right leg joint moments for Patient #2. Each subplot shows results for the ankle, knee and
hip (top to bottom). For each trial, the plot shows the average as a solid line and the standard deviation
shown by the dashed lines. The horizontal axes give gait cycle percentage and the vertical axes are the
moments in Nm/kg (normalized by subject mass).

Figure 5.59: Left leg joint moments for Patient #2. Each subplot shows results for the ankle, knee and
hip (top to bottom). For each trial, the plot shows the average as a solid line and the standard deviation
shown by the dashed lines. The horizontal axes give gait cycle percentage and the vertical axes are the
moments in Nm/kg (normalized by subject mass).
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Figure 5.60: Pelvis moments for the Patient #2. Each subplot shows results for the X, Y and Z axis
moments (top to bottom). For each trial, the plot shows the average as a solid line and the standard
deviation shown by the dashed lines. The horizontal axes give gait cycle percentage and the vertical axes
are the moments in Nm/kg (normalized by subject mass).
positive moments. These moments correspond to pelvis tilt lifting the left hip upwards to provide more
opportunity for toe clearance. This positive moment to lift the hip on the impaired side matches the Xaxis moment behaviour during the plantarflexion adaptation experiment.

In the plantarflexion

experiment the negative X-moment raised the hip on the simulated impairment side to allow more toe
clearance.
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Chapter 6: Discussion
6.1

Experiment #1
The kinematic results for the first experiment generally matched the expected kinematic results

for changes in walking speed. The only significant deviation from the expected results is that the stride
length decreased as walking speed increased.

This is most likely due to the uncertainty people

experience walking on a treadmill. Generally, when people are uncertain about their gait, they exhibit
shorter strides, and even if subjects are given time to become accustomed to walking on a dual belt
treadmill, there may still be some uncertainty in their gait. This uncertainty would increase as the speed
of the treadmill increased and thus the decrease in stride length.
The stance phase inverse dynamic results agreed with the expected results in that higher
moments were seen throughout the stance phase to support higher GRF values and to generate additional
moments to progress the body of the stance leg faster and generate greater push-off forces. The inverse
dynamics analysis however, did not show the expected swing phase changes due to a change in walking
speed. Since the moments during the swing phase are significantly smaller than those during the swing
phase may limit the applicability of the analysis to the swing phase. It may require additional analysis to
determine if any relationships can be determined.

6.2

Experiment #2
The kinematic results seen during experiment # 2 generally agree with the expected results. As

discussed in the Results chapter. For most of the inverse dynamics analysis, as for the first experiment,
much of the expected swing phase results were not readily apparent in the results. As expected there
was clear kinematic evidence supporting the theory of internal model formation. Subjects exhibited
initial deviations from null trial performance at the start of the adaptation trial that returned to normal by
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the end of the trial. Then at the start of the after-effect trial there were performance errors resulting from
after-effects of the learned internal model. These after-effects tended to diminish within 20-25 strides
which correlates well with previous research in the literature.
In some instance, the gradual adaptation expected during the adaptation trial was not seen and a
steady state performance was seen throughout the entire trial. However, during the after-effect trial,
there were after-effect errors exhibited. This supports the idea of the subjects predicting the effects of
the task modification before starting the trial. This was to be expected to some degree with the task
modifications employed in this work. Typical motor adaptation studies employ unpredictable forces
(both in size and timing) that prevent subjects from knowing what modifications to expect. However,
the subjects in this experiment were able to see the actual modification before the adaptation trial began.
Also, the nature of the AFO itself may have contributed to some of the observed analysis
limitations. The AFO was not rigidly attached tot he subjects, as it was attached with Velcro straps that
had some flexibility. Also, the AFO was molded from one subject and would not have fit all subjects
exactly. These issues may have caused the subject's feet (and heel in particular) to move inside of the
AFO. This may potentially hide joint moments generated by the subject since there foot may be moving
while the reflective markers attached to the AFO appear to not be moving.

Also, as mentioned

previously, the use of gait modifications that were readily apparent to the subjects makes the study of
their adaptation process potentially limited as well. Ideally, if one could study the same contracture
simulations in a way that does allow the subject to know what will happen in advance should
theoretically provide improved adaptation results.
Overall, the most significant inverse dynamics changes were seen during the locked
plantarflexion experiment and the different tread speed experiment. The plantarflexion experiment
inverse dynamics results clearly demonstrated pelvis moment changes as the result of adaptation to the
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locked AFO. The pelvis moments lifted the hip on the affected side and propelled the hip forward faster
to prepare for the next heel strike.

These changes were expected and represent typical vaulting

adaptations seen in patient populations.

6.3

Experiment #3
The kinematic results seen for the patients generally matched the expected kinematics for an

impaired individual with drop foot walking at a slower tread speed. There was evidence of vaulting for
both patients which supports the diagnosis given in his brief medical history. The kinematic results also
support the drop foot impairment diagnosis because the adaptation experiment most similar to the
kinematic performance metric results of the patients was having the AFO locked in a plantarflexed
position.
The inverse dynamics analysis of Patient #2 demonstrated vaulting pelvis moments to raise the
hip of the affected limb to allow for toe clearance as a compensation for the drop foot impairment. This
behvaiour matched both the expected behaviour and that of the healthy subjects during the locked
plantarflexion experiment. As with the kinematic results, the correlation with this experiment is of
particular interest, since it was intended to simulate drop foot, particularly during the swing phase.
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Chapter 7: Conclusions and Recommendations
7.1

Conclusions
The general results have achieved the goals set-out with the specific aims for this research. The

study of healthy subjects walking at different speeds and under various gait impairment simulations
(AFO contractures and asymmetric gait with two tread speeds) demonstrated kinematic evidence
supporting the internal model view of motor adaptation as seen previously in the literature. The results
were successful in characterizing the performance changes resulting from git adaptation. This included
evidence for vaulting and steppage gait as compensations for simulated drop foot using an AFO locked
in a plantarflexed position.
The inverse dynamic model that was developed was able to produce joint moment results that
supported the typical leg joint moments seen for natural walking in Experiment #1. The use of this
model to study the joint moment changes resulting from gait adaptation was successfully mostly for
stance phase adaptations. Since stance phase moments are generally larger than those during swing
phase, their relative changes due to adaptation were more easily discernible. The only swing phase
adaptations that were clearly evident were the pelvis moments involved in the lifting of the impaired
leg's hip during vaulting. The inverse dynamics analysis of the swing phase was not able to identify
steppage gait patterns like the kinematic analysis.
The goal of comparing impaired patient gait adaptations with the adaptation experiments showed
positive results for the vaulting exhibited by Patient #2. The pelvis moment vaulting patterns seen
during the plantarflexed ankle experiment matched those seen in the patient's inverse dynamics analysis.
While the matches adaptations were not exactly the same, they were in the same required directions and
of comparable magnitudes. In fact, one would not expect to see the exact same adaptations, since the
simulated impairment does not exactly match that of the subject and the healthy subjects are not exactly
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the same height and weight as the patient. However, the result does show some initial promise with the
idea that motor adaptation models may be useful for modeling impairments and rehabilitation in a
simulated environment.
The experimental limitations apparent in this work include the AFO not being able to supply a
completely rigid lock for the ankle and the ability of the subjects to predict the natures of the gait task
modification. Both of these issues will have potentially affected the ability of the inverse dynamic
model to make appropriate assessments of the impairments being simulated, since the motion data
would have been in error.

7.2

Recommendations
In future, such research and experiments may be more fruitful if a more rigid AFO can be

designed that is able to prevent subject motion with respect to the AFO as well as make it more difficult
for the subjects to predict what the exact gait modification is going to be. Therefore, in future the
researchers plan to investigate the development of an active AFO powered by servo motors or
pneumatics that will be able to modify the ankle stiffness and viscosity or add inhibitory or assistive
torques at very specific times during the gait cycle (ie: during push-off). If a rigid connection is
achievable, such a device would provide much more flexibility in terms of potential experimental
protocols for studying motor adaptation.
The specific data analyzed in this work should be studied further to determine if there are any
indications of gait adaptations during the swing phase. This may include different visualization method,
including separating the analysis of the stance and swing phase results entirely.
The stride-by-stride changes of the kinematic errors exhibited in the selected performance
metrics should be related to the stride-by-stride change in peak torque levels. Such an analysis may lead
to incremental rules for adjusting joint torques based on given performance criteria. This is the ultimate
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goal in modeling the adaptation process; to develop a model that is able to take broad heuristic
performance goals such as peak toe clearance, HAT segment orientation, thigh-to-knee torque ratios and
infer the appropriate control changes required to adapt to any task modifications causing errors in these
metrics.
Additionally, it may be beneficial to perform joint torque learning and adaptation studies on the
upper limb. Such a system is much simpler to model and study and may provide insights into the
underlying mechanisms that should be used when modeling adaptation during gait.
Finally, with regards to the data analysis aspects of this research, it is recommended that an
improved method for tracking the reflective markers be found. While the Simi system provides a great
deal of flexibility when tracking, filtering and analyzing motion data, the current tracking process can be
very labour intensive and not conducive to gathering large gait adaptation data sets for inverse dynamics
analysis.
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Appendix A: Experiment #1 IRB Protocol and Informed Consent
Research Proposal
I.

Title:

Human Motion Analysis & Neurorehabilitation

II.

Investigators (co-investigators):

III.

Hypothesis, Research Questions, or Goals of the Project

Dr. Thompson Sarkodie-Gyan

The purpose of this study is to identify individual gait patterns during walking and/or running in
humans by comparing kinetic and kinematic data including ground reaction forces, center of pressure,
muscle activity and angular positions, velocities and accelerations of joints. These data will be used to
develop a ‘gait database’ for motion analysis research.

IV.

Background and Significance:
Locomotor disabilities are most commonly caused by neurological diseases or insult to the
nervous system. Stroke survivors, for example, show marked decreases in their ability to ambulate 6
months post-insult, with 20% of them unable to walk without physical assistance and half of them
walking at less than 50% of normal casual speed. These changes in mobility translate into a significant
reduction in the patients’ quality of life, and increase the burden of therapists and the health care system
in treating these patients. Efforts to improve walking ability and efficiency have been undertaken, using
rehabilitative strategies such as PWBTT to establish or re-initiate normal gait patterns in human subjects
following injury [5-13]. The design of our Smart gait Rehabilitation System (SGRS) is based on data
obtained through this type of training.
Recovery of locomotor activity following spinal cord injury has been extensively studied in
animal models. Rats and cats that have undergone complete low-thoracic spinal cord transection can be
trained to walk on a treadmill, and have been shown to accomplish full weight-bearing stepping at normal
speeds [14, 15]. Other data suggest, however, that this type of training induces a motor task-specific kind
of learning. For example, Hodgson et al. showed that spinalized cats trained to step were less able to
stand and bear weight without the motion of walking, whereas animals trained to stand were deficient in
their ability to walk on a moving treadmill [6, 17]. The re-establishment of ambulation following
treadmill training may be due to the activation of central pattern generator (CPG) neurons in the spinal
cord, in which locomotor-associated motor neuron pools are activated in response to sensory input
coming from the limbs [18]. An important aspect of this behavior is that it occurs in the absence of
supraspinal input. Crucial to the success of this training, therefore, is the coordination of sensory input to
the spinal cord. The ability to step in both human and animal subjects is highly influenced by the pattern
of loading placed on the legs and by the kinematics of the gait cycle [19].
Animal studies have led to the development of measures to assist human patients following spinal
cord injury (SCI). Wernig et al. [9, 10] demonstrated a significant increase in the ability to ambulate
independently or semi-independently following intensive PWBTT in people with incomplete spinal cord
transections. Moreover, the positive effects of this intervention persisted for more than 6 years following
training. In patients with complete SCI, Dietz et al. showed improved gait patterns as a result of treadmill
training, possibly due to the normalization of muscle activation patterns [20]. In support of this idea,
Harkema et al. recorded electromyographic (EMG) data in lower limb muscles during stepping in
complete SCI patients, and showed that their ambulatory patterns were, in fact, regulated by sensory input
to the lumbosacral spinal cord [21]. Results from both human and animal experiments, therefore, provide
evidence that spinal cord CPGs can control locomotion, and that their activity is largely a function of
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proprioceptive and other sensory inputs from the limbs. Step-related cues can thus alter CPG activity
somewhat independently of higher central nervous system activation. Currently in progress is a multicenter, randomized clinical trial sponsored by the NIH/NICHD, investigating the response of patients with
incomplete SCI to treadmill training (Dobkin et al at UCLA).
In addition to SCI, patients with brain injury or disease also have been shown to respond
positively to PWBTT. One problematic variable in patients learning to walk after a neurological insult is
that of maintaining balance during locomotion. The trunk stability provided by PWBTT allows for gait
training, through the performance of repetitive and complicated motor activities, without the interference
of vestibular reflexes. For example, adult hemiplegic stroke patients who failed to respond to traditional
physical therapy interventions showed a 123% improvement in swing symmetry, with a 24%
improvement in stance symmetry, after PWBTT [5]. These results were obtained in 25 training sessions
carried out over 5 weeks, with the amount of body weight support provided decreasing from 31% to 0%
(full weight-bearing) in 7 out of 9 patients. Further comparisons between subjects walking under different
levels of body weight support versus normal overground ambulation showed that partial weight support
provided the most efficacious circumstance for reducing spasticity, limiting co-contraction of antagonistic
muscle groups, and producing appropriate gait patterns [6]. In another controlled study of partial
compared to no body weight support in 100 patients, increased performance, as evidenced by positive
outcomes in balance, speed, endurance and recovery was seen in the partially supported group following a
6-week treadmill training intervention [8]. Other investigations have resulted in rehabilitative success
following PWBTT in stroke [38] and Parkinson’s [39] patients.
Young people with neurological disorders also benefit from this type of training. In very young
(15-28 months) children suffering from cerebral palsy, PWBTT increased locomotor skills according to
both clinical measures and video gait analysis [12]. Similarly, cerebral palsy-afflicted children with
minimal walking ability undergoing 3 months of PWBTT at a treatment rate of 3 times per week
improved significantly in tests of general mobility, gross locomotor function and transfers [13]. Lastly, a
case study by McNevin [11] on a 17-year-old female subject with spastic cerebral palsy showed a
decrease in exercise-associated pulse rate and blood pressure, with a concurrent increase in ambulatory
speed, as a result of treadmill training with about 30% body weight support.
Taken together, these studies convincingly demonstrate the ability of PWBTT to improve
locomotor function in patients with central nervous system damage. This has not been the case, however,
in all training interventions of this type. For example, two trials [22, 23] failed to produce improvements
in overground ambulatory speeds in subjects exposed to treadmill training, but this may have been due to
confounds in the experimental design (e.g., slow treadmill speeds during training, poor description of
body weight support manipulations, and lack of data regarding the kinetics, kinematics and temporal
symmetries during training). No training method has been published, in fact, that has been shown to be
reproducible.
Frequently, fitness equipment has been adapted for use in therapy. Fitness machines like crosscountry ski trainers, the Power Walker from Kettler, and the FM340 Skier from BioTrans are used for
practising and training “gait-like” movements. These machines only provide a flat sliding motion of the
foot and offer a poor representation of the human gait. The Miha Crosswalker (Miha GmbH), the Body
Trainer (Reebok), and the Cross Trainer (Life Fitness) add a lifting of the foot (heel higher than the toe)
during the swing phase of the gait, providing a “better” gait simulation, based on a 50/50 stance/swing
gait cycle.
Going beyond the use of exercise equipment for gait therapy, the first PWBTT machines were
simple in concept and design. They relied on the gait therapist to deliver the desired training gait to the
patient, while they walked on the treadmill. This was accomplished through a “hands-on” method where
the therapist held the patient’s leg(s) and moved the limb(s) through the desired motion. Again, the
patient’s body weight was supported in a harness. Limitations of this approach are:
•

it is highly labor intensive;
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•
the therapist must first learn and become proficient with the procedure and the motion to
be given during treatment;
•
repeatability and consistency in the gait motion delivered from session-to-session and
patient-to-patient is difficult to maintain;
•
multiple therapists are frequently needed for each patient in order to maintain proper
positioning of the hips and upper / lower legs and joints;
•
it is physically demanding on the therapist which limits the duration of each session, and
demands a “recovery period” for the therapist(s).
To remedy the problems associated with using therapists to provide the desired gait patterns,
some investigators, Uhlenbrock, Sarkodie-Gyan et al [24] and Hesse, Sarkodie-Gyan et al [25] developed
gait trainers in which the individual’s legs were positioned on foot plates that moved backward and
forwards. Tests with non-ambulatory adults post-stroke adults were conducted using this device.
Current commercial robotic assistive devices automatically drive the limbs passively through
preset gait cycles. The devices do not take into account the kinematics and torques that a subject can
generate, or incorporate the subject’s growing ability to ambulate. Actively guiding passive limbs during
step training is not an effective strategy to enhance motor learning of a complex motor skill such as
walking.
The restoration of healthy locomotion (gait) after stroke, traumatic brain injury, and spinal cord
injury, is a major task in neurological rehabilitation. Motor-learning and control research clearly favors
task-specific repetitive training [4]. The complexity of the interactions of the various components of
human gait has been researched and documented extensively, and to date it is the experienced clinician
who continues to perform functional gait assessment and training in the absence of virtually any
technological assistance.
Hemiplegic stroke, paraparesis from spinal cord injuries, and other upper motor neuron
syndromes such as multiple sclerosis and cerebral palsy cause serious neurological impairments and
mobility-related disability. Approximately 700,000 Americans suffer a stroke, 10,000 suffer traumatic
spinal cord injury, and over 250,000 are disabled by multiple sclerosis. Approximately 1 in 500 children
[1] suffers from cerebral palsy, one of the most common chronic childhood disorders that often impair
mobility [2]. With the aging of the U.S. population, the prevalence of people disabled by stroke is likely
to rise over the next 10-20 years. Therefore, research efforts are needed to improve the effectiveness of
rehabilitative treatments for sensorimotor disabilities, and especially for ambulation, balance, and
maintenance of physical fitness across these neurologic diagnoses. With the 25-50% reduction in
inpatient rehabilitation length of stay following stroke and spinal cord injury in the past 10 years and the
decline in outpatient care days covered by insurers, efficacious and cost-effective interventions that
positively impact the recovery of balance and walking have become critical [3].
Whereas the preponderance of data from clinical trials suggests that partial weight bearing
treadmill training (PWBTT) increases the likelihood of independent overground walking and
improvements in walking speed and walking distance in patients with acute and chronic stroke and spinal
cord injury, the technique has clear limitations.
The physical demands on therapists to manually assist the trunk and legs of subjects at treadmill
speeds greater than 0.8 mph is substantial, and the ability of therapists to optimize sensory inputs
associated with the step cycle, such as kinematics and temporal symmetries during certain aspects of the
stance and swing cycles, is constrained by all the various tasks they must simultaneously perform and
monitor as they sit by the subject’s legs. In order to relieve the therapist from having to perform numerous
tasks simultaneously during a treatment session, robotic assistive devices have become a focus of clinical
research.
We propose the development of a new method to deliver therapy to patients with gait disabilities
unlike previous attempts such as partial weight bearing treadmill training (PWBTT). The Smart Gait
Rehabilitation System (SGRS) will offer capabilities unavailable using current gait therapy devices and
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methods. Step-training that incorporates sensory feedback, provides feedback about kinematics and
torques, and proceeds at walking speeds typical of overground ambulation is more likely to drive basic
mechanisms of motor learning and representational plasticity for the lower extremities [4]. Potential
health benefits resulting from these capabilities include more effective and individualized therapy
programs; the opportunity to lessen one of the most common disabilities in patients who suffer
neurological diseases; reduce the time and labor needed to deliver therapy; and enhance gait-related
diagnostic and research tools. To accomplish this, we will develop a mechanical device based on the
concept of task-oriented Partial Weight Bearing Treadmill Training (PWBTT) along with an innovative
knowledge-based control system that includes an intelligent sensing, a data acquisition, processing and
effectuation scheme. The end result will be a therapy system that offers the patient, the doctor, and the
therapist a new set of tools to test in clinical trials to improve gait therapy. The proposed device will also
be well suited for use in gait diagnostic and clinical research efforts. For example, perturbations during
the step cycle can be incorporated into the control scheme to test postural adjustments and evaluate
mechanisms of motor control. Development of the feedback system may also lend itself to other devices
for overground walking and for improving functional use of a paretic upper extremity.
We anticipate that the SGRS will assess efficacy and outcomes of medical rehabilitation therapies
and practices, and also promote the patient’s behavioral adaptation to functional losses. The device may
be used in training research scientists in the field of medical rehabilitation, and offer more insight into
further improvements in the development of assistive devices. The proposed development effort is
structured to further develop a prototype, assess its safety in a trial phase, and set the ground work to
assess its utility. The proposed development effort is structured to validate the claims including but not
limited to:
•
The SGRS will be able to offer both passive gait training and locomotor training with
optimal feedback about kinematics and forces.
•
The system will be safe for use in able-bodied adult subjects and in disabled adults who
have a hemiparesis or paraparesis, across typical body sizes and leg lengths.
•
The data acquisition and presentation capabilities of the SGRS will provide a more
thorough understanding of gait data directly related to a patient’s locomotor therapy during
treadmill training.
•
Data from able-bodied persons collected during SGRS testing will be similar to data
gained from overground gait analysis.
•
Data related to improved gait parameters during SGRS training of disabled subjects will
be reflected in parallel improvements in overground walking as training progresses.
•
The data gathering capabilities of the SGRS will improve the quality of data about
pathological gait deviations during treadmill walking at normal casual walking speeds and
provide objective data of outcome measures of change in individuals.
Hence, the SGRS will help address the main objectives of medical rehabilitation of the National
Center for Medical Rehabilitation Research (NCMRR).
V.

Research Method, Design, and Proposed Statistical Analysis:
Data collection will take place at the Human Motion Analysis & Neurorehabilitation Laboratory,
located at the Electrical & Computer Engineering Department at UTEP. Healthy male and female
subjects will be recruited from UTEP and the nearby community for the study. Each subject will
complete an informed consent form after the testing procedures have been explained to them (see
attachments). If the subject is under 18, a parental signature will be obtained on the informed consent
form. Anthropometric measurements including height, weight, segmental length, width, depth and
circumference will be obtained.
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A.

Kinematic Data, Ground Reaction Forces and Moment using SIMI and
instrumented treadmill respectively

Reflective markers will be placed on the subject’s joint centers to obtain kinematic data using the
SIMI three-dimensional motion capture system. Each subject will be asked to perform practice walks a
nd/or runs on an instrumented treadmill with built-in force plates for each foot. After the practice on the
treadmill, each subject will walk and/or run on the treadmill for 5-10 minutes.
The walking / running
patterns will be videotaped for the purpose of qualitative and kinematic comparison. The estimated data
collection time including preparation and warm-up will be about two hours per subject.
B.

Kinematic Data using Electrical Sensors

The kinematic data can also be collected using Multi-axis sensors (Accelerometers – linear
acceleration, Goniometers – angular position, and Gyroscopes – angular velocity) directly. These multiaxis sensors will be placed on the foot, shank, and thigh of each subject to measure the limb segment
kinematics. The kinematic data collected from SIMI can be used to calibrate those sensors.
C.

Muscle Activity (surface Electromyography – sEMG)
Electromyography (EMG) involves recording the electrical activity of muscles during walking
and/or running. Surface EMG electrodes will be placed on multiple muscles of low-body of the subjects.
D.

Data Processing

Three-dimensional ground reaction forces measured using the instrumented treadmill will be
analyzed. The center of pressure will be calculated. Joint angles, velocities and accelerations will be
computed using the SIMI motion analysis system, and can be used to calibrate the data derived from
electrical sensors. Walking and /or running gaits for each individual will be analyzed using computer
software (e.g. MatLab, Labview, and LifeMOD) for different proposes, i.e. feature extraction, intelligent
diagnosis, rehabilitation strategies, knowledge-based database.
VI.

Human Subject Interactions
A. Identify the sources of potential participants, derived materials, or data.
Both male and female subjects will be recruited. They may be students, staff or other personnel
around the UTEP area. Subjects may be women, minorities and / or under the age of 21. The experiments
will begin in May 2008 and end in December 2008.
B.

Privacy and Confidentiality of participants

The data collected will be confidental. No names will be used as identifiers for the data or appear
in presentations or publications. Some of the subjects may be asked to shave the part of their body
hair prior to the experiment, since it will affect the markers and sensors atteching to the body surface.
Subjects will have the right to deny participation at any time.
C.

Describe the procedure for obtaining informed consent.

IRB approval and informed consent will be received prior to data collection. All UTEP research
regulations will be observed. If the subject is under the age of 18, parental agreement and signaturewill be
obtained in the informed consent prior to the testing. The proposed informed consent form is attached.
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D.

Confidentiality of the research data.

All data and video tapes will be locked in the researchers’ office at UTEP and kept indefinitely.
Only the researchers will have access to the data and the video tapes.

VII.

Potential risks

Subjects may have delayed onset muscle soreness (DOMS) 24-48 hours after data collection.
This soreness is likely to peak at 48-72 hours after the exercise bout and ease afterwards. This will not
have any long-term effect on muscle function. Subjects will be informed about this potential muscle
soreness. Subjects will be instructed to do a warm-up to reduce the risk of
injuries and a cooldown to enhance recovery.

VIII. Potential benefits
The findings of this study will provide you with information about your walking and running
gaits at constant speed with bare feet. These data will be used to develop a ‘gait database’ for future
reference and research. Each participant will be provide some snacks and drink during the break of the
experiment.
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University of Texas at El Paso (UTEP) Institutional Review Board
Informed Consent Form for Research Involving Human Subjects
Protocol Title:

Human Motion Analysis and Neurorehabilitation

Principal Investigator:
UTEP :

Thompson Sarkodie-Gyan, Ph.D.
Department of Electrical and Computer Engineering

Introduction
You are being asked to take part voluntarily in the research project described below. Please take your
time making a decision and feel free to discuss it with your friends and family. Before agreeing to take part in this
research study, it is important that you read the consent form that describes the study. Please ask the study
researcher or the study staff to explain any words or information that you do not clearly understand.

Why is this study being done?
You have been asked to take part in a research study to identify individual gait patterns during walking
and running.
Approximately, 100 study subjects will be enrolling in this study at UTEP. You are being asked to be in
the study because you are a male or a female over the age of 18. If you decide to enroll in this study, your
involvement will last about one week.
What is involved in the study?
If you choose to participate in this study, you will report to the Human Motion Analysis and
Neurorehabilitation Laboratory, Room E313B, in the Engineering Building. You will need to wear proper
workout attire. We will also measure your height, weight, segmental length, width, depth and circumference. A
warm-up consisting of stretching and light jogging will be performed.
You will be asked to walk and/or run on an instrumented treadmill at constant speed with bare foot. The
force platform built in the treadmill will measure the forces exerted on you during walking and running.
Reflective markers will be placed on your joint centers to facilitate analysis of your gait patterns. Trials will be
videotaped for the purpose of the movement analysis and comparison.
You will also be asked to place three different multi-axis sensors (accelerometers, goniometers, and
gyroscopes) on the surface of the lower limb, and will repeat the same experiment as above to collect the
kinematic data.
At the same time, you will be asked to wear electromyographic (EMG) electrodes, to measure the
dynamic activities of the muscles during walking and/or running.
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You may be asked to shave the hairs of the part your body prior to the experiment, since it will affect the
markers and sensors attachment to the body surface.
The estimated data collection time including preparation and warm-up will be approximately two hours.
What are the risks and discomforts of the study?
The potential risks that may occur with participating in this research include those associated with
exercise testing. The potential risks associated with running include muscle fatigue and muscle strain. There is
also a risk of local muscle and/or joint soreness following any exercise. The soreness is likely to peak at 2-3 days
after the exercise bout and ease afterwards. A warm-up period will decrease the likelihood of injury and soreness.
A research team member will advise you on cool-down stretching exercises to minimize muscle soreness. You are
free to stop the exercise procedure at any time.

What will happen if I am injured in this study?
The University of Texas at El Paso and its affiliates do not offer to pay for or cover the cost of medical
treatment for research related illness or injury. No funds have been set aside to pay or reimburse you in the event
of such injury or illness. You will not give up any of your legal rights by signing this consent form. You should
report any such injury to (Dr. Thompson Sarkodie-Gyan, Phone Number: 915-747-7011) and to Lola Norton of
the Institutional Review Board (IRB) at UTEP at (915-747-8841) or lola@utep.edu.

Are there benefits to taking part in this study?
There will be no direct benefits to you for taking part in this study.
The findings of this study will provide you with information about your walking and running gaits at
constant speed with bare feet. These data will be used to develop a ‘gait database’ for future reference and
research. Each participant will be provide some snacks and drink during the break of the experiment.
This research may help us to understand the variations in gait with respect to gender and body mass
index.
What other options are there?
As a volunteer in this study, you have the option not to take part in the study or to withdraw from the study at any
time. If you do not take part in the study, there will be no penalty whatsoever.
Who is paying for this study?
Internal Funding:
Funding for this study is provided by UTEP Department of Electrical and Computer Engineering, and the
UTEP NSF Advance.

134

External funding:
UTEP and Dr. Thompson Sarkodie-Gyan are receiving funding from the NSF Advance and from the ECE
department to conduct this study.

What are my costs?
There are no direct costs. You will be responsible for travel to and from the research site and any other
incidental expenses.

Will I be paid to participate in this study?

Participation is voluntary. You will not be paid for taking part in this research study.
What if I want to withdraw, or am asked to withdraw from this study?
Taking part in this study is voluntary. You have the right to choose not to take part in this study. If you
do not take part in the study, there will be no penalty.
If you choose to take part, you have the right to stop at any time. However, we encourage you to talk to a
member of the research group so that they know why you are leaving the study. If there are any new findings
during the study that may affect whether you want to continue to take part, you will be told about them.
The researcher may decide to stop your participation without your permission, if he or she thinks that
being in the study may cause you harm.
Who do I call if I have questions or problems?
You may ask any questions you have now. If you have questions later, you may call insert Dr. Thompson
sarkodie-Gyan; Phone Number 915-747-7011, Email: tsg@ece.utep.edu.
If you have questions or concerns about your participation as a research subject, please contact Lola Norton of the
Institutional Review Board (IRB) at UTEP at (915-747-8841) or by email at lola@utep.edu.
What about confidentiality?
1. Your part in this study is confidential. None of the information will identify you by name. Only you and

individuals directly involved in this research will have access to your results. All data collected in this
study will be coded by subject number rather than by name and will be kept in a locked file in Room
E313B for 5 years. Only the researchers and/or the research assistants will have access to the data. The
results will be used for scholarly publications or presentations but you will not be identified.

135

2. Every effort will be made to keep your information confidential. Your personal information may be disclosed if
required by law. Organizations that may inspect and/or copy your research records for quality assurance and data
analysis include, but are not necessarily limited to:
The sponsor or an agent for the sponsor
Department of Health and Human Services
UTEP Institutional Review Board
Because of the need to release information to these parties, absolute confidentiality cannot be guaranteed. The
results of this research study may be presented at meetings or in publications; however, your identity will not be
disclosed in those presentations.
Mandatory reporting
If information is revealed about child abuse or neglect, or potentially dangerous future behavior to others, the law
requires that this information be reported to the proper authorities.
Authorization Statement
I have read each page of this paper about the study (or it was read to me). I know that being in this study is
voluntary and I choose to be in this study. I know I can stop being in this study without penalty. I will get a copy
of this consent form now and can get information on results of the study later if I wish.

Participant Name:

Date:

Participant Signature:

Time:

Participant Signature:
Consent form explained/witnessed by:
Signature
Printed name:
Date:Time:
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Appendix B: Experiment #2 IRB Protocol and Informed Consent
Research Proposal
I. Title
Human motor adaptation to changes in gait task dynamics
II. Investigators (co-investigators)
Chad MacDonald, M.Sc.
Thompson Sarkodie-Gyan, Ph.D.
III. Hypothesis, Research Questions, or Goals of the Project
The purpose of this research is to experimentally determine how subjects will adapt to changes in
task dynamics during walking. In particular, modifications to the dynamics of the subject’s body
and modifications to the dynamics of the environment will be studied.
The hypothesis is that subjects will adapt to the task modifications and that this adaptation will
result in improved performance. Additionally, it is hypothesized that this adaptation will have
correlates in the subject’s electromyographic signals (EMG) that are related to the subject’s
adaptation strategy.
IV. Background and Significance:
The human motor system is very adaptable and robust when it comes to experiencing new
environments. One task that has been of particular interest is that of upper limb reaching
movements. Researchers have used a robotic manipulandum [1] [2] to exert varying types of
perturbing forces to a subject’s movement to try and understand the characteristics of the motor
system. Shadmehr and Mussa-Ivaldi, demonstrated that when adapting to a novel dynamic
environment, the human central nervous system, CNS, generates an internal model, IM, of the
environment [3]. This model is then used to generate a series of feed-forward predictive
commands to actively compensate for the forces experienced. Since then, much other work has
been performed to understand different features of this internal model. For example, [4] and [5]
studied how learning generalizes from one environment to another.
While this adaptation has been studied in detail for upper-limb reaching movements, there has
been less focus on adaptation during gait. Specific aspects of gait adaptation have been studied
previously. In [6] the adaptation of subjects subjected to an externally applied force field was
studied. Specifically, this study focused on how adaptation affected step height. In [7]
adaptation to modified leg dynamics was studied. In [8], adaptation to different treadmill speeds
for each leg was analyzed to study adaptation to changes in environmental task dynamics.
However, in this previous work, a detailed model of the adaptation process has not been created.
The goal of this work is to collect experimental data that can be used to develop such a model.
[1] I.C. Faye, An impedance controlled manipulandum for human movement studies (S.M.
Thesis, MIT, Department of Mechanical Engineering, Cambridge, MA, 1986).
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[2] C. MacDonald, S. Balakrishnan and Z. Moussavi, “Development of a low-cost robotic
manipulator and its application to human motor control studies,” Proc. IASTED Conference on
Control and Applications, May 2006.
[3] R. Shadmehr & F.A. Mussa-Ivaldi, Adaptive representation of dynamics during learning of a
motor task, Journal of Neuroscience, 14(5), 1994, 3208-3224.
[4] R. Shadmehr & Z.M.K. Moussavi, Spatial generalization from learning dynamics of reaching
movements, Journal of Neuroscience,(20),2000, 7807-7815.
[5] K.A. Thoroughman and R. Shadmehr, “Learning of action through adaptive combination of
motor primitives,” Nature, vol. 407, pp. 742-747, October 2000.
[6] J.L. Emken and D.J. Reinkensmeyer, “Robot-enhanced motor learning: Accelerating internal
model formation during locomotion by transient dynamics amplification,” IEEE Transactions on
Neural Systems and Rehabilitation Engineering, vol. 13, no. 1, pp. 33-39, March 2005.
[7] J.W. Noble and S.D. Prentice, “Adaptation to unilateral change in lower limb mechanical
properties during human walking,” Experimental Brain Research, vol. 169, pp. 482-495, 2006.
[8] J.T. Choi and A.J. Bastian, “Adaptation reveals independent control networks for human
walking,” Nature Neuroscience, vol. 10, no. 8, pp. 1055-1062, August 2007.\
V. Research Method, Design, and Proposed Statistical Analysis:
Research Methodology and Design:
The research methodology was designed to determine the nature of human motor adaptation
during walking. In particular, the experimental conditions were selected to study adaptation to
changes in the ankle range of motion. Specifically, an Ankle Foot Orthosis (AFO) will be
applied to limit the range of motion of the subject’s right foot. Also, in order to study the effect
of changes in gait timing, other subjects will be asked to walk on a dual-belt treadmill with both
treads going at different speeds.
The null condition, disturbed condition, after-effect condition protocol emulates previously used
protocols for motor adaptation studies. The null condition records the performance of the subject
with no task modification. The disturbed condition records how the subjects perform with a
modified task. The performance is tracked to determine any changes resulting from the subject
adaptation. The after-effect condition records the subject’s performance after the disturbance is
removed. The performance is analyzed to determine any after-effects of the adaptation process.
Research Protocol:
The specific research protocol used is outlined in Section VI.D. below.
Data Analysis:
The kinematic data will be collected using an eight-camera motion capture system (Simi Reality
Motion Systems, Munich, Germany). Each camera records two-dimensional video of reflective
markers attached to specific anatomical locations of the subject. From these recordings the threedimensional position, velocity and acceleration of the markers can be determined. The ground
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reaction forces will be recorded using an instrumented treadmill (Bertec Corporation, Columbus,
OH). This treadmill provides three-dimensional force and moment data. The EMG data will be
recorded using a 16-channel wireless EMG system (Delsys Inc., Boston, MA).
The recorded data will be used to determine kinematic, ground reaction force and EMG correlates
of motor adaptation. The kinematic and ground reaction force data will display any
performance changes resulting from the disturbance and the adaptation process. The EMG data
will be analyzed to determine how muscle activity changes during the adaptation process. The
performance during the null, disturbed and after-effect conditions will be compared to determine
the significance of any differences between the trial performances. The average performance
across all subjects will be analyzed to determine the consistency of the adaptation process.
The kinematic and ground reaction force data will be used as input data for the design of a model
to simulate human walking. The adaptation process will be modeled using fuzzy logic and the
simulated adaptation/gait model will be compared to the experimental results. Half of the
experimental data will be used to design the models and the other half of the data will be used to
verify the model performance.
The data may also be analyzed using the LifeMOD simulation software (LifeModeler Inc, San
Clemente, CA) to verify the models mentioned above. This software provides detailed
biomechanical simulations given kinematic data as input.
VI. Human Subject Interactions
A. Sources of potential participants,
This study will seek to recruit 30-40 participants. Potential participants will be students from
UTEP aged from 18 to 30. Subjects will be limited to those with no known motor or balance
impairments. Subjects will all have a similar shoe size to allow for the use of a single AFO.
Efforts will be made to select subjects with similar height and weight. Also, due to size
restrictions for the AFO, subjects will be limited to males with a shoe size from 9 to 10.
B. Procedures for the recruitment of the participants.
Subjects matching the above requirements will be recruited directly by the principal investigator.
Volunteers may be solicited from the UTEP community by the co-investigators listed above.
Potential subjects will be asked if they would like to participate in a human walking study and
whether they have no movement or balance impairments. Any subject answering in the
affirmative to these questions will participate in the study.
C. Procedure for obtaining informed consent.
Subjects will be given the opportunity to review the informed consent form (see attached) and to
ask any questions they may have. Subjects will indicate their consent to participate in the study
by signing the same informed consent form.
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D. Research Protocol.
Location and Informed Consent:
Data collection will take place at the Human Motion Analysis & Neurorehabilitation Laboratory,
located at the Electrical & Computer Engineering Department at UTEP. Each subject will
complete an informed consent form after the testing procedures have been explained (see
attached).
Subject Preparation:
Subjects will be asked to change into the spandex sports clothing provided. Males will be asked
to wear shorts only and females will wear shorts along with a top. Subjects will change in E313B
during which time the experimenters will wait outside of the lab to give the subject privacy.
After changing clothes, the subjects will be given the opportunity to do some light jogging and
light stretching to reduce any potential for muscle strains during the experiment.
The subjects will then have their anthropometric data measured and recorded. This will include
height, weight and segment measurements (length, width and circumference).
This will be followed by the attachment of the EMG electrodes to the muscles of the lower limbs.
The EMG procedure involves shaving the hair where the electrode must be placed and cleaning
the surface using alcohol. Once the electrodes have been attached, the quality of the EMG signals
will be verified and adjustments made as needed.
This will be followed by placing reflective markers on the participant’s body using a standard
configuration (see attached). Each reflective marker will be attached using double-sided tape to
specific anatomical locations.
Experiment:
The subjects will then be given an explanation of the specific experiment protocol with emphasis
on safety. They will be advised to use the safety bars in the event that they feel they are going to
fall during the experiment.
For each of the experimental trials, the reflective markers will be used in conjunction with an
eight-camera motion capture system to collect the participant’s three-dimensional kinematic data.
The treadmill used in this experiment is instrumented to record the three-dimensional ground
reaction force data (forces and moments) for the trial.
The experiment is divided into eight stages as outlined below:
Speed Determination (AFO subjects only): The natural walking speed of the subject is
determined by having the subjects self-select the speed at which they usually walk.
Treadmill Learning: The subjects will get used to walking on the treadmill by walking at 15%
greater than their self-selected natural walking speed (AFO subjects) or 1 m/s (non-AFO subjects)
for three minutes. No data will be collected during this trial.
Static Trial: The subject will be recorded standing on the treadmill with their arms out at
shoulder level and their feet shoulder width apart.
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Null Condition: The subjects will be recorded for one minute walking at the same speed as the
Treadmill Learning stage.
AFO Learning (AFO subjects only): The treadmill learning stage will be repeated with subject
wearing the AFO. The AFO will not be set to limit the subject range of motion.
AFO Static Trial (AFO subjects only): The Static Trial will be repeated with the AFO, since it
will change the relationships between the reflective markers on the right foot.
AFO Null Condition (AFO subjects only): The Null Condition stage will be repeated with the
subject wearing the AFO. Again, the AFO will not be set to limit the range of motion of the
subject.
Disturbed Condition: This stage follows the Null Condition stage. The subject will be subjected
to a gait task modification and recorded walking for three minutes. Each modification will be
used for 2-4 subjects. The gait task modification will be selected from the list below. Subjects in
the AFO trials will not be told beforehand which type of modification is being applied.
Different Tread Speeds – The left tread will be moving at 0.65 m/s and the right tread
will be moving at 1.35 m/s.
AFO Limiting Plantarflexion – The AFO will be set to limit the amount of downward
flexion. The plantarflexion will be limited to 0°, 10° or 20°.
AFO Limiting Dorsiflexion – The AFO will be set to prevent the foot from flexing
upward. The dorsiflexion will be limited to 0° or 10°.
Rigid AFO – The AFO will be set to a given angle and the ankle will not be permitted to
flex in either direction. Several ankle locations will be used throughout the range of
motion (Neutral, Dorsiflexed 10°, Plantarflexed 10°, Plantarflexed 20°).
After-Effect Condition: This stage follows immediately after the Disturbed Condition stage. The
modification will be removed and the subject will be recorded walking undisturbed for three
minutes.
Wrap-Up:
After the perturbed trials, the reflective markers will be removed from the subject and they will
be given the opportunity to perform some light stretching (particularly of the calf muscles) to
prevent potential muscle soreness. The experimenters will give the subject an opportunity to ask
any additional questions they have regarding the nature of the experiment and what the data will
be used for. This question period is mostly provided as an educational opportunity for subjects
who may be interested in the field of biomechanics and motion analysis. The experimenters will
then leave the room allowing the subject to change out of the sports clothes provided.
E. Privacy and confidentiality of participants
To protect the privacy of the subject, during the experiment only the two experimenters will be
present in the lab.
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All of the data collected will be stored with no reference to the subject name to protect the
confidentiality of the participant. The subject will be assigned a unique identifier that will appear
with the data. The only association of a subject with a specific identifier will be the signed
informed consent, which will be stored in a locked cabinet in the office of Dr. Thompson
Sarkodie-Gyan. The subject’s name will not appear in any presentations or publications resulting
from this research.
F. Confidentiality of the research data.
All data collected in this study will be coded by subject number rather than by name and will be
stored on a server in Room E313B of the Engineering Building for an indefinite period of time.
Only the researchers and/or the research assistants will have access to the data on this server.
The video recorded during this study will be stored along with the extracted data. The videos will
not be destroyed in order to allow for future potential analyses. This may include the visual
verification of the extracted motion data or the extraction of additional motion variables. As with
the extracted data, the subject’s name will not appear on the recorded video.
G. Research resources
The research will take place in the Laboratory for Human Motion Analysis and Rehabilitation in
E313B Engineering. This research space contains the instrumented treadmill and eight-camera
motion capture system required for this study. Each experiment will last for 2-3 hours. The
research space is dedicated for the recording and analysis of experimental data and will be
available for the required time periods. The experiments will be performed by the principal
investigator along with the assistance of 3-5 research assistants. For any given experiment,
there will be two researchers present with the subject.
VII. Potential risks
The potential risks that may occur with participating in this research include those associated with
exercise testing. The potential risks associated with any human motion studies include muscle fatigue
and muscle strain. There is also a risk of local muscle and/or joint soreness following any exercise. In
particular, the calf muscle and ankle joint may experience soreness. This soreness is likely to peak at
2-3 days after the exercise bout and ease afterwords. A warm-up period will decrease the likelihood
of any such injury and soreness.
The walking task modifications and treadmill speeds have been selected such that the risk of falling is
reduced, however, since this research focuses on perturbed walking, there is a risk of falling during
the modified trials. The treadmill system has safety bars for the subject to hold in the event of a loss
of balance.
VIII. Potential benefits
There will be no direct benefits or compensation for the participants. There is a potential educational
benefit for any participants who are interested in how motion analysis works.
The potential benefits to society include a further understanding of human motor control and
adaptation. This understanding will include the development of a model of human walking and
adaptation that will be a useful tool for simulating rehabilitation scenarios. This improved
understanding also has potential application in the fields of prosthetics and robotics.
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IX. Sites or agencies involved in the research project
N/A
X. Review by another IRB
N/A
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University of Texas at El Paso (UTEP) Institutional Review Board
Informed Consent Form for Research Involving Human Subjects
Protocol Title: Human motor adaptation to changes in gait task dynamics
Principal Investigator: Chad MacDonald, M.Sc., Thompson Sarkodie-Gyan, Ph.D.
UTEP: Department of Electrical and Computer Engineering
Introduction
You are being asked to take part voluntarily in the research project described below. Please take your
time making a decision and feel free to discuss it with your friends and family. Before agreeing to take part in this
research study, it is important that you read the consent form that describes the study. Please ask the study
researcher or the study staff to explain any words or information that you do not clearly understand.
Why is this study being done?
You have been asked to take part in a research experiment to study motor adaptation during walking.
Approximately, 20 to 40 study subjects will be enrolling in this study at UTEP. You are being asked to be in the
study because you are a male between the ages of 18 and 30 with no known movement or balance impairments.
If you decide to enroll in this study, your involvement will last 2 to 3 hours.

What is involved in the study?
If you agree to take part in this study, the research team will ask you to change into appropriate work-out
attire (spandex sports shorts) A warm up consisting of light jogging and stretching will be performed. Your
height, weight and segmental length, width, depth and circumference will be measured. Reflective markers will
be placed on your body to facilitate analysis of your motion data. The analysis involves videotaping the trials and
studying the locations of the markers in the recorded video. You will have EMG electrodes placed on your legs.
The EMG recording requires shaving the hair from the mounting locations on the leg..
The walking trials will be performed on a treadmill system. You will be given an opportunity to get used
to walking on the treadmill. After this, you will be asked to walk for three trials (one minute, three minutes, three
minutes). These trials will follow immediately after each other with no rest period between them. The first and
third trials will be regular unmodified walking. For the second trial, you will be asked to walk under the
modification indicated below:

___ The treads will be run at two different speeds.
___ An ankle foot orthosis will be mounted on your foot to affect the range of motion of the ankle.
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What are the risks and discomforts of the study?
The potential risks that may occur with participating in this research include those associated with
exercise testing. The potential risks associated with any human motion studies include muscle fatigue and muscle
strain. There is also a risk of local muscle and/or joint soreness following any exercise. In particular, the calf
muscle and ankle joint may experience soreness. This soreness is likely to peak at 2-3 days after the exercise bout
and ease afterwards. The warm-up and stretching periods will decrease the likelihood of injury and soreness.
You are free to stop the exercise procedure at any time.
The walking task modifications and treadmill speeds have been selected such that the risk of falling is
reduced, however, since this research focuses on perturbed walking, there is a risk of falling during the modified
trials. The treadmill system has safety bars for you to hold in the event of a loss of balance and the treadmill is
equipped with an emergency safety stop.

What will happen if I am injured in this study?
The University of Texas at El Paso and its affiliates do not offer to pay for or cover the cost of medical
treatment for research related illness or injury. No funds have been set aside to pay or reimburse you in the event
of such injury or illness. You will not give up any of your legal rights by signing this consent form. You should
report any such injury to Chad MacDonald at (915) 747-7081 and the Institutional Review Board Office at (915)
747-8841 or irb.orsp@utep.edu.
There will be no direct benefits to you for taking part in this study. This research will help us to
understand how the central nervous system adapts to changes in walking task dynamics. The data will be used to
develop models of gait and adaptation to help study both healthy and impaired gait.

What other options are there?
You have the option not to take part in this study. There will be no penalties involved if you choose not to
take part in this study.

Who is paying for this study?
Funding for this study is provided by the UTEP Department of Electrical Engineering and by the UTEP Graduate
School.
What are my costs?
There are no direct costs. You will be responsible for travel to and from the research site and any other
incidental expenses.
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Will I be paid to participate in this study?
You will not be paid for taking part in this research study.

What if I want to withdraw, or am asked to withdraw from this study?
Taking part in this study is voluntary. You have the right to choose not to take part in this study. If you do not
take part in the study, there will be no penalty. If you choose to take part, you have the right to stop at any time.
However, we encourage you to talk to a member of the research group so that they know why you are leaving the
study. If there are any new findings during the study that may affect whether you want to continue to take part,
you will be told about them. The researcher may decide to stop your participation without your permission, if he
or she thinks that being in the study may cause you harm.

Who do I call if I have questions or problems?
You may ask any questions you have now. If you have questions later, you may contact Dr. Thompson
Sarkodie-Gyan at (915) 747-7011 or by email at tsg@ece.utep.edu. You may also contact Chad MacDonald at
(915) 747-7081 or by email at cemacdonald@miners.utep.edu.
If you have questions or concerns about your participation as a research subject, please contact the
Institutional Review Board Office at (915) 747-8841 or irb.orsp@utep.edu.
.
What about confidentiality?
Your part in this study is confidential. None of the information will identify you by name. Only you and
individuals directly involved in this research will have access to your results. The results may be used for
scholarly publications and/or presentations but you will not be identified. All data collected in this study will be
coded by subject number rather than by name and will be kept on a secure server in Room E313B Engineering for
an indefinite period of time. The indefinite time period is required to allow for future potential analyses that may
be required. Only the researchers and/or the research assistants will have access to the data.
Every effort will be made to keep your information confidential. Your personal information may be
disclosed if required by law. Organizations that may inspect and/or copy your research records for quality
assurance and data analysis include, but are not necessarily limited to:
•

The sponsor or an agent for the sponsor

•

Department of Health and Human Services

•

UTEP Institutional Review Board
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Because of the need to release information to these parties, absolute confidentiality cannot be guaranteed.
The results of this research study may be presented at meetings or in publications; however, your identity will not
be disclosed in those presentations.

Authorization Statement
I have read each page of this paper about the study (or it was read to me). I know that being in this study
is voluntary and I choose to be in this study. I know I can stop being in this study without penalty. I will get a
copy of this consent form now and can get information on results of the study later if I wish.

Subject ID: ____________________
Participant Name:

_______________________________

Participant Signature: _______________________________
Date: ________________________

Time:_____________________

Consent form explained/witnessed by:
Printed name: ____________________________________
Signature:

____________________________________
Date: ________________________
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Time:_____________________

Appendix C: Experiment #3 IRB Protocol and Informed Consent
Research Protocol

I.

Title: Development of an Assessment for Functional Recovery after
Neurological Disorders and Peripheral Nerve Transfers

II.

Investigators (co-investigators):

Dr. Thompson Sarkodie-Gyan

III.

Hypothesis, Research Questions, or Goals of the Project

This study is the extension of the previous approved one, “Human Motion Analysis &
Neurorehabilitation” whose approved deadline extends to June 2009. The purpose of the previous
study was to develop a ‘gait database or knowledge-base’ among healthy able-bodied subjects. The
purpose of this extension study is to design a novel cerebral evaluation methodology for peripheral
nerve transfer system for substitution surgery transfer and also to identify other neurological
impairments with gait abnormalities secondary to upper motor neuron injury. This intelligent system is
proposed to facilitate the objective diagnosis and treatment based on the laboratory measurement of
kinematics, kinetics, somatosensory evoked potentials, nerve conduction, and electromyographic (EMG)
data collection.
IV.

Background and Significance

Chronic diseases, such as arrhythmias, stroke, multiple sclerosis, congestive heart failure, cancer,
arthritis, chronic respiratory diseases and diabetes, are leading causes of morbidity and mortality in the
world, representing 60% of all deaths. Hemiplegic post-stroke, paraparesis from spinal cord injury, and
other secondary upper motor neuron syndromes frequently cause serious mobility-related disabilities.
Stroke survivors, for example, show marked decreases in their ability to ambulate 6 months post-insult,
with 20% of them unable to walk without physical assistance and half of them walking at less than 50%
of normal casual speed. These changes in mobility translate into a significant reduction in the patients’
quality of life, and increase the burden of therapists and the health care system in treating these patients.
Efforts to improve walking ability and efficiency have been undertaken, using rehabilitative strategies
such as PWBTT to establish or re-initiate normal gait patterns in human subjects following injury.
Functional recovery of locomotor activity following spinal cord injury has been extensively studied in
animal models. Rats and cats that have undergone complete low-thoracic spinal cord transaction can be
trained to walk on a treadmill, and have been shown to accomplish full weight-bearing stepping at
normal speeds [14, 15]. The re-establishment of ambulation following treadmill training may be due to
the activation of central pattern generator (CPG) neurons in spinal cord, in which locomotor-associated
motor neuron pools are activated in response to sensory input coming from the limbs [18]. The ability to
step in both human and animal subjects is highly influenced by the pattern of loading placed on the legs
and by the kinematics of the gait cycle [19].
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The concept of neural plasticity includes not only synaptogenesis and dendritic branching, but also
neurogenesis, a relatively novel aspect of structural regeneration. Neurogenesis occurs in the adult
mammalian central nervous system (CNS) following the migration and differentiation of the neural stem
cells. The majority of these cells reside in one of two germinal zones: the subventricular zone (SVZ) in
the wall of the lateral ventricles and the subgranular zone (SGZ) of the hippocampus [48]. It has been
reported that voluntary exercise increases SGZ cell proliferation and neurogenesis [80]. The authors
from [81] used some specific antibodies markers such as 5-bromo-2’-deoxyuridine (BrdU), double
cortin (Dcx), neuronal nuclei (NeuN), and glial fibrillary acidic protein (GFAP) to find evidence of cell
proliferation and neurogenesis. These antibodies are currently the most widely used techniques for
studying adult nerogenesis in situ despite some limitations. These data importantly suggest an
association between physical exercise and neurogenesis. However, clinically applied physical therapy
for chronic gait disorders is an enforced, scheduled, non-voluntary form of exercise that is
fundamentally different from the proposed experimental voluntary exercise protocols.
The restoration of healthy locomotion (gait) after stroke, traumatic brain injury, and spinal cord injury, is
a major task in neurological rehabilitation. Motor-learning and control research clearly favors taskspecific repetitive training [4]. The complexity of the interactions of the various components of human
gait has been researched and documented extensively, and to date it is the experienced clinician who
continues to perform functional gait assessment. Computerized assessments that involve sophisticated
kinematic and kinetic analyses have not been applied widely in clinical assessments of gait disorders.
Instead, a set of functional gait-related tests (such as usual and maximal gait speed, 6-Minute walk test,
long-distance corridor walk, gait abnormality rating scale –GARS, timed up and go test, and
performance-oriented mobility assessment - POMA) have been widely used as semi-quantitative
assessments.. Compared to computerized assessments, these are easy to perform, do not require
expensive equipments and long testing time. However, those semi-quantitative assessments could not
accurately detect the optimal rehabilitation and evaluation of treatment effects.
A major limitation of the computerized assessment is lack of the knowledge to perform and analyze the
acquired data from those instrumented equipment. A novel intelligent instrumented gait analysis system
is proposed to facilitate the objective diagnosis and treatment based on the laboratory measurement of
kinematics, kinetics, nerve conduction device, and electromyographic (EMG) data. It will assist
physicians and therapists to gain adequate knowledge of the patient and disease characteristics that
determine functional outcome. This research will increase knowledge of basic mechanisms of motor
learning and representational plasticity for the lower extremities and for the maximal recovery for digital
nerve transfers. Potential health benefits resulting from these capabilities include more effective and
individualized therapy programs; the opportunity to lessen one of the most common disabilities in
patients who suffer neurological diseases; a reduction in the time and labor needed to deliver therapy;
and an enhancement of gait-related diagnostic and research tools.
V.

Research Method, Design, and Proposed Computerized Analysis
Participants

Participants
Both male and female patients with gait abnormality secondary to upper motor neuron injury, and
subjects with injuries following nerve transfers will be recruited as subjects from within the
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community. Each subject will complete an informed consent form after the testing procedures have
been explained to them.
Clinical Specialists Support
Clinical doctors, nurses, neurologists, or physical therapists from Texas Tech University Medical
School will accompany their respective subjects throughout the data collection. A harness is readily
available to support the patient’s weight.
Kinematic Data, Ground Reaction Forces and Moment using SIMI and instrumented treadmill
respectively
Reflective markers will be placed on the subject’s joint centers to obtain kinematic data using the
SIMI three-dimensional motion capture system. Each subject will be asked to practice walking both
overground and on an instrumented treadmill with built-in force plates for each foot. After the
practice on the treadmill, each subject will walk on the treadmill for up to 3 minutes. The walking
patterns will be videotaped for the purpose of qualitative and kinematic comparison. The estimated
data collection time including preparation and warm-up will be about two hours per subject.
Kinematic Data using Multi-axis Sensors
The kinematic data may also be collected using Multi-axis sensors (Accelerometers – linear
acceleration, Goniometers – angular position, and Gyroscopes – angular velocity) directly. These
multi-axis sensors will be placed on the head, trunk, foot, shank, and thigh of each subject to
measure the upper and lower body segment kinematics. The kinematic data collected from SIMI can
be used to calibrate those sensors since they will be collected simultaneously. Cortical, sciatic nerve
action and lumbar potentials will be recorded as somatosensory evoked potentials.
Muscle Activity Measurement (surface Electromyography – sEMG)
Electromyography (EMG) involves recording the electrical activity of muscles during walking
and/or running. Surface EMG electrodes will be placed on multiple muscles of low-body of the
subjects.
Needle EMG and EEG devices will be used on the subjects for data collection. The medical doctors
in this project will be responsible for the needle EMG including and also for the activation of certain
nerves for somatosensory evoked potentials.
Data Processing
Three-dimensional ground reaction forces measured using the instrumented treadmill will be
analyzed. The center of pressure will be calculated. Joint angles, velocities and accelerations will be
computed using the SIMI motion analysis system, and can be used to calibrate the data derived from
electrical sensors. 3-D data for each individual will be analyzed using computer software (e.g.
MatLab, Labview, and LifeMOD) for feature extraction, intelligent diagnosis, rehabilitation
strategies of gait disorders.
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VI.

Human Subject Interactions
•

Identify the sources of potential participants, derived materials, or data

Both male and female patients with gait abnormality secondary to upper motor neuron injury and
subjects with nerve transfers will be recruited as subjects from within the community. Subjects may
be women and/or minorities. The anthropometric data such as subject’s height, weight, segment
length/circumference/depth will be measured. The experiments are expected to begin in May 2009
and end in June 2010.
•

Procedures for the recruitment of the participants

Patients will be recruited from local community. Patients will be excluded if they had severe
cognitive impairment (unable to follow simple directions), nursing home residents, or refused to
participate. To characterize more functional and neurophysiologic status of the subject population,
factors that might contribute to gait disorders, as described below, and factors that have been
associated with those impairments will be also included in the evaluation:
• Subject’s age, gender, level of formal education as well as health status, mental status, self-rated
quality of life, functional status, muscle strength, balance, and gait.
• Marker of health status includes: Body Mass Index (BMI), number of prescription medications.
• Physical activity levels will be estimated prior to be recruited as subjects.
•

Describe the procedure for obtaining informed consent

IRB approval and informed consent will be received prior to data collection. All UTEP research
regulations will be observed. If the subject is under the age of 18, parental agreement and signature
will be obtained in the informed consent prior to the testing. The proposed informed consent form is
attached.
•

Privacy and Confidentiality of participant

The data collected will be confidential. No names will be used as identifiers for the data or appear in
presentations or publications. Some of the subjects may be asked to shave the part of their body hair
prior to the experiment, since it will affect the markers and sensors atteching to the body surface.
Subjects will have the right to deny participation at any time.
•

Confidentiality of the research data

All data and video tapes will be locked in the researchers’ office at UTEP and kept indefinitely. Only
the researchers will have access to the data and the video tapes.
•

Potential risks
Subjects may have delayed onset muscle soreness (DOMS) 24-48 hours after data collection. This
soreness is likely to peak at 48-72 hours after the exercise bout and ease afterwards. This will not have
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any long-term effect on muscle function. Subjects will be informed about this potential muscle
soreness. Subjects will be instructed to do a warm-up to reduce the risk of injuries and a cool-down to
enhance recovery.
VIII. Potential benefits
The findings of this study will provide information about patient’s gaits at his/her causal walking speed.
By comparing with our able-bodied knowledge-base, these data will be used to develop an ‘automatic
diagnostic tool’ for each gait disorder.
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University of Texas at El Paso (UTEP) Institutional Review Board
Informed Consent Form for Research Involving Human Subjects
Protocol Title:
Development of an Assessment for Functional Recovery after Neurological
Disorders and Peripheral Nerve Transfers
Principal Investigator:
Thompson Sarkodie-Gyan, Ph.D.
UTEP :
Department of Electrical and Computer Engineering
Introduction
You are being asked to take part voluntarily in the research project described below. Please take
your time making a decision and feel free to discuss it with your friends and family. Before agreeing to
take part in this research study, it is important that you read the consent form that describes the study.
Please ask the study researcher or the study staff to explain any words or information that you do not
clearly understand.
Why is this study being done?
You have been asked to take part in a research study to identify individual gait patterns during
walking and running. Approximately, 100 study subjects will be enrolling in this study at UTEP. You
are being asked to be in the study because you are a male or a female over the age of 18. If you decide to
enroll in this study, your involvement will last about one week.
What is involved in the study?
If you choose to participate in this study, you will report to the Human Motion Analysis and
Neurorehabilitation Laboratory, Room E313B, in the Engineering Building. You will need to wear
proper workout attire. We will also measure your height, weight, segmental length, width, depth and
circumference. A warm-up consisting of stretching and light jogging will be performed.
You will be asked to walk and/or run on an instrumented treadmill at constant speed with bare
foot. The force platform built in the treadmill will measure the forces exerted on you during walking and
running. Reflective markers will be placed on your joint centers to facilitate analysis of your gait
patterns. Trials will be videotaped for the purpose of the movement analysis and comparison.
You will also be asked to place three different multi-axis sensors (accelerometers, goniometers,
and gyroscopes) on the surface of the lower limb, and will repeat the same experiment as above to
collect the kinematic data.
At the same time, you will be asked to wear electromyographic (EMG) electrodes, to measure
the dynamic activities of the muscles during walking and/or running. You may be asked to shave the
hairs of the part your body prior to the experiment, since it will affect the markers and sensors
attachment to the body surface.
The estimated data collection time including preparation and warm-up will be approximately two
hours.
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What are the risks and discomforts of the study?
The potential risks that may occur with participating in this research include those associated
with exercise testing. The potential risks associated with running include muscle fatigue and muscle
strain. There is also a risk of local muscle and/or joint soreness following any exercise. The soreness is
likely to peak at 2-3 days after the exercise bout and ease afterwards. A warm-up period will decrease
the likelihood of injury and soreness. A research team member will advise you on cool-down stretching
exercises to minimize muscle soreness. You are free to stop the exercise procedure at any time.
What will happen if I am injured in this study?
The University of Texas at El Paso and its affiliates do not offer to pay for or cover the cost of
medical treatment for research related illness or injury. No funds have been set aside to pay or reimburse
you in the event of such injury or illness. You will not give up any of your legal rights by signing this
consent form. You should report any such injury to (Dr. Thompson Sarkodie-Gyan, Phone Number:
915-747-7011) and to the Institutional Review Board (IRB) at UTEP at (915-747-8841) or
irb.orsp@utep.edu.
Are there benefits to taking part in this study?
There will be no direct benefits to you for taking part in this study.
The findings of this study will provide you with information about your walking and running
gaits at constant speed with bare feet. These data will be used to develop a ‘gait database’ for future
reference and research. Each participant will be provide some snacks and drink during the break of the
experiment.
This research may help us to understand the variations in gait with respect to gender and body
mass index.
What other options are there?
As a volunteer in this study, you have the option not to take part in the study or to withdraw from
the study at any time. If you do not take part in the study, there will be no penalty whatsoever.
Who is paying for this study?
Internal Funding:
Funding for this study is provided by UTEP Department of Electrical and Computer
Engineering, and the UTEP NSF Advance.
External funding:
UTEP and Dr. Thompson Sarkodie-Gyan are receiving funding from the NSF Advance
and from the ECE department to conduct this study.
What are my costs?
There are no direct costs. You will be responsible for travel to and from the research site and any
other incidental expenses.
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Will I be paid to participate in this study?
Participation is voluntary.
You will not be paid for taking part in this research study.
What if I want to withdraw, or am asked to withdraw from this study?
Taking part in this study is voluntary. You have the right to choose not to take part in this study.
If you do not take part in the study, there will be no penalty.
If you choose to take part, you have the right to stop at any time. However, we encourage you to
talk to a member of the research group so that they know why you are leaving the study. If there are any
new findings during the study that may affect whether you want to continue to take part, you will be told
about them.
The researcher may decide to stop your participation without your permission, if he or she thinks
that being in the study may cause you harm.
Who do I call if I have questions or problems?
You may ask any questions you have now. If you have questions later, you may call insert Dr.
Thompson sarkodie-Gyan; Phone Number 915-747-7011, Email: tsg@ece.utep.edu.
If you have questions or concerns about your participation as a research subject, please contact the
Institutional Review Board (IRB) at UTEP at (915-747-8841) or by email at irb.orsp@utep.edu.
What about confidentiality?
1. Your part in this study is confidential. None of the information will identify you by name.
Only you and individuals directly involved in this research will have access to your results. All data
collected in this study will be coded by subject number rather than by name and will be kept in a locked
file in Room E313B for 5 years. Only the researchers and/or the research assistants will have access to
the data. The results will be used for scholarly publications or presentations but you will not be
identified.
2. Every effort will be made to keep your information confidential. Your personal information may be
disclosed if required by law. Organizations that may inspect and/or copy your research records for
quality assurance and data analysis include, but are not necessarily limited to:
The sponsor or an agent for the sponsor
Department of Health and Human Services
UTEP Institutional Review Board
Because of the need to release information to these parties, absolute confidentiality cannot be
guaranteed. The results of this research study may be presented at meetings or in publications; however,
your identity will not be disclosed in those presentations.
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Mandatory reporting
If information is revealed about child abuse or neglect, or potentially dangerous future behavior
to others, the law requires that this information be reported to the proper authorities.
Authorization Statement
I have read each page of this paper about the study (or it was read to me). I know that being in
this study is voluntary and I choose to be in this study. I know I can stop being in this study without
penalty. I will get a copy of this consent form now and can get information on results of the study later if
I wish.
Participant Name:

Date:

Participant Signature:

Time:

Participant Signature:
Consent form explained/witnessed by:
Signature
Printed name:
Date:

Time:
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